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When Heymans, Bouckaert and Dautrebande (1031) first showed that 


respiration can be profoundly influenced by reflexes aroused in the ca 


rotid sinus region hy changes in the chemical Composition of the blood, the \ 


raised a number of questions for which satistactory answers have not vet 


been secured. Among these certainly one of the most important is the 


part which such reflexes play In the regulation of <piration 


has held from the beginning that the respiratory effeets of changes in CO 


tension of the blood are due both to reflexes ana To ah action directly Wpon 


the respiratory center, in contradistinetion to the effeets of 


which he found to be dominantly if not exclusively reflex in origin. Sub 


sequent workers have confirmed these general findings on a variety of 


animals and by various technics, but there is still considerable differences 


of opinion about a fundamental point which Heymans ¢f al. left unsettled, 


namely, the relative Importance of the reflex and central components of 


the response of the whole animal to such changes in CO. tension as are 


likely to occur in the blood under ordinary physiological conditions. “Thy 


pertinent literature has been cited recently hy Heymians and Bouckaert 


(1939) and Gesell (1939) and need not be reviewed here Kor the present 


it should be sufficient to point out that among those who are working in 


this field two quite Viewpoints have appeared: Heyvmans and 


Bouckaert (1939) believe that the carotid chemoreceptors are more sensi 


tive than the cells of the respiratory center to changes in CO. tension in 


the blood, that the reflexes respond to such changes more rapidly than the 


cells of the center, and that the reflex factor therefore presides over thy 
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fine and rapid adjustments of breathing resulting from changes in the CO, 
tension of the blood, while the direct responses of the center are slower, 
less sensitive, and more persistent. The general thesis that the chemo- 
receptors are equal or superior to the cells of the respiratory center in sensi- 
tivity to changes in CO, tension has been accepted by many other workers 
(see Heymans and Bouckaert, 1939; Gesell, 1939). On the other hand, 
experiments made in this laboratory (Comroe and Schmidt, 1938, 1939) 
appear to justify the conclusion that the carotid chemoreceptors are dis- 
tinctly less sensitive than the cells of the center to changes in CO: tension; 
our viewpoint is that reflexes aroused in the chemoreceptors by changes 
in the CO, tension of the blood are important only when the response of 
the respiratory center is insufficient to prevent unusually marked changes 
in this tension, as would be the case when the center is depressed, or when 
the changes are unusually marked, as when the animal is exposed to ex- 
cessive atmospheric concentrations of COs, but not under ordinary physi- 
ological conditions. 

Choice between these viewpoints depends upon the validity of the ex- 
perimental evidence behind each of them, and this will be dealt with at 
another place (Schmidt and Comroe, 1940). This paper is a report of 
experiments intended to test Heymans’ present conception by methods as 
simple and unobjectionable as we could make them. If it is true that the 
carotid chemoreceptors respond to changes in CO. more quickly than the 
center, and if this difference is significant, there should be a demonstrable 
tendency toward a delay in the onset of the hyperpnea produced by a given 
gradually developing rise in the CO, tension of the blood when the carotid 
bodies are inactivated (the aortic chemoreceptors being of course excluded 
by vagotomy). And if the carotid chemoreceptors are significantly more 
sensitive than the center to COs, the minimum effective change in the COs 
tension of the blood should be demonstrably less when the carotid bodies 
are active than when they are inactive. Furthermore, if impulses from 
the carotid chemoreceptors play an important part in maintaining the 
activity of respiration under conditions other than anoxemia, asphyxia, 
acidosis, or quite marked hyperearbia, there should be a definite tendency 
toward either a decrease in breathing or an increase in the CO, tension of 
the blood, or both, when the carotid bodies are inactivated during the in- 
halation of oxygen. Our purpose was to test these propositions by experi- 
mental methods whose validity for settling questions of this sort has been 
well established and universally recognized. The general nature of these 
methods is obvious enough from the above statement of the propositions to 
be tested, but unequivocal results depend to such an overwhelming extent 
on the adequacy of the procedures employed that these must be described 
in some detail. 
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MetuHops. Wogs unselected as to breed and sex and weighing 10 to 18 kilos were 
used. They were anesthetized with morphine (2 mgm. per kilo subcutaneously ) 
and chloralose (20-40 mgm. per kilo intravenously). Blood pressure was recorded 
from a femoral artery, respiration by a pneumograph and by signalling the passage 
of each 500 ec. of expired air through a valved tracheal cannula and a gasometer 
Full exposure of both carotid sinus regions was secured by reflecting the larynx 
upward. An injecting needle was tied into each superior thyroid artery to permit 
testing of the activity of the carotid bodies by intracarotid injection of eyanide; to 
minimize the effective dose the external carotid and lingual arteries were tied beyond 
the origin of the occipitals. Both vagodepressor nerves were cut in the neck. The 
nerve fibers from the carotid sinus pressure receptors were divided as completely as 
possible on both sides between the internal carotid and occipital arteries; this was 
done to minimize the hypertension produced by subsequent inactivation of the 
sinus nerves. When the chemoreceptors were to be inactivated procaine (2 per cent) 
was injected into the carotid body regions. Blood samples were collected under oi] 
through a large cannula in a femoral artery; the time required for each collection was 
usually less than 3 seconds; 100 units (0.1 ce.) of heparin were added to each sample to 
prevent clotting. Immediately after collection the oil was replaced by melted 
paraffin wax, the sample was immersed in cracked ice and kept there until analyses 
were made (in nearly all cases within an hour after collection). Analyses were made 
on plasma, separated by centrifugation, for CO. content (by the Van Slyke mano- 
metric method, duplicates agreeing within 0.2 vol. per cent) and for pH (by a closed 
glass electrode connected to a Leeds and Northrup pH meter, each reading being 
checked against 2 known buffers; readings were made at 38°C.) ; the usual precautions 
were taken against loss of CO, at all times. From these data CO, tension was esti- 
mated by the Henderson-Hasselbalch formula, as given by Peters and Van Slyke 
(1932). Since we desired to evaluate the réle of CO., anoxemia was obviated by 
inhalation of oxygen for at least a minute before a blood sample was collected. A 
gradual increase in blood CO, tension was secured in one of two ways: in the earlier 
experiments the animal was made to rebreathe pure oxygen, while in the later ones 
a low (1 to 2 per cent) concentration of CO. in oxygen was inhaled without rebreath 
ing. The time elapsing between the beginning of the rebreathing or inhalation and 
the onset of hyperpnea was measured by a stop-wateh and a second blood-sample 
was collected as soon as the hyperpnea began 

The course of a typical experiment is shown in figure 1, and was as follows: The 
reactivity of the animal’s respiratory system to carbon dioxide was tested by inhala- 
tion of 10 per cent CQO» in oxygen for 2 minutes; corresponding tests of the reactivity 
of both carotid bodies were made by intracarotid injections of eyanide. If these 
tests showed satisfactory sensitivity the animal was allowed to breathe pure oxygen 
through valves (without rebreathing): when breathing had been steady for a minute 
or more a blood sample was collected. Then the animal was made to rebreathe 
oxygen, or to inhale 1 to 2 per cent CO» in oxygen, from a Douglas bag. As soon as 
the depth of breathing showed a distinct increase (in the later experiments an in 
crease of 50 ce. was arbitrarily taken as the criterion) a second blood sample was 
rapidly withdrawn. Then both carotid body regions were infiltrated with procaine 
and completeness of nerve block was proved by total absence of effect on repeating 
the intracarotid injections of eyanide. Another oxygen inhalation was given and a 
third blood sample was collected like the first Then rebreathing of pure oxygen, or 
inhalation of the CO.-oxygen mixture, was repeated and a fourth blood sample was 
rapidly taken as soon as the depth of breathing began to increase Persistence of 


the inactivation of the carotid bodies was then proved again by intracarotid injec 
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hig. 1. Original record of a typical experiment August 18, 19389. Dog, female, 
i) 5 kilos Morphine and chloralose Vagi eut ¢ irotid pressure receptors dener 
vated Reeords (from above down): Pneumogram: femoral blood-pressure volume 
of expired air, each signal mark denoting 500 ce.; signal (which is also zero line for 


blood-pressure record); time in 5 second intervals, with clear space at each minute 

| pper tracing earotid bodies active Procedures (from left to right ): Bilateral 
carotid occlusion (test of completeness of denervation of carotid pressure receptors ) 
injection of NaCN (0.05 mgm.) into right Common carotid: same on left side; inhala- 
tion of oxygen trom gas machine: first blood sample collected after 1/30” of inhala 
tion: oxygen off, air breathing — 250 ce. per breath; CO, (1.5 per cent in Os) on; second 
blood sample collected at 150” to 1/53” of the inhalation, when animal had taken 
two breaths each of 3800 ce): CO.-O. off, air breathing 

Lower ti icing carotid bodies inactivated by procaine Follows direetly after 
upper tracing (ho pause) Procedures (left to right ): Infiltration of both earotid 
body regions with 2 per cent procaine NaGNn (0.05 mgm. ) injected into each com- 
mon carotid: oxy yen inhalation from machine: blood sample collected at 1/50” 
to 1/53” of the inhalation; oxvgen off air breathing; more procaine injected (as pre- 
caution against premature recovery); NaCN injections repeated; breaths 225 ce 
60” 


exch: COs (1.5 per cent in QO.) inhalation begun blood s imple collected at 57 
of inhalation, when animal had taken successive breaths of 275 and 300 ce.; end of 
CO.-O. inhalation; NaCN Injections mto each carotid: inhalation of 10 per cent 


CO. in O» for 2 minutes; (elot in blood-pressure system) 
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tions of cyanide. These four blood samples, representing one set of observations 
were then analyzed while the effects of the procaine wore away, as they usually did 
in about an hour In Many Cases a second set ot obsery itlons ¢ ould be made on thre 


same animal, in some eases a third 


These procedures enabled us to determine the influence of the carotid 
chemoreceptors both on the rapidity with which respiration responded to 
a gradually rising CO, tension in the blood, and on the amount of the in- 
crease In CO, tension at which the respiratory response began. Eleven 
technically satisfactory experiments were made, 5 in which the increase in 
COs tension was produced by rebreathing oxygen, 6 in which it was accom- 
plished by inhaling 1 to 2 per cent COs in oxygen. “Phe pertinent results 
are summarized in tables Land 2. The data in the columns headed ‘Ca- 
rotid bodies active” correspond iIneach case with those on the same line in 
the columns headed “Carotid bodies inactivated.” These data are un- 
selected; all of the experiments performed are included except those in 
which valid comparisons could not be made because of irregular breathing, 
poor respiratory responses to COs, poor circulation, or inactive carotid 
body reflexes. 

1. Influence of carotid body reflexes on the rapidity of onset of the hy- 
perpnea due to gradually rising blood CO... From the data given in table 
1 it is quite evident that we were unable to secure any evidence in support 
of Heymans’ belief that there is a significant difference, in favor of the 


reflexes, in the rates at which these and the cells of the respiratory centes 
respond to a gradually rising COs tension in the arterial blood. Whatever 


tendency there was appears to have been in the opposite direction, for 
the average time of onset of the hyperpnea was shorter, in both sets of 
experiments, when the reflexes were inactive than when they were active 
This difference may be related to the tendency of the blood-pressure to rise 
during the inactivation (see table 2); in any event we do not believe it to 
be significant to the question now under consideration 

2. Influence of carotid body reflexes on the inercase in arterial COs tensron 
required to initiate hyperpnea. Here again, as table | shows, there was no 
sign that the threshold of the carotid bodies to rising arterial COs tension 
was any lower than that of the center. The average figures for the 
increase In COs, tension at which the hyperpnea began were identical im 
both sets of experiments, whether the carotid bodies were active or inac- 
tive, and the seattering of the individual figures seems to be a completely 
random one. The limit of accuracy of these determinations of arterial 
COs tension Is probably about 2mm. He, because a change ot pH 0.0] 
means a change of about 0.9 mm. in calculated COs tension, and the meter 
cannot be read accurately within pH 0.02. Phe changes in CO»: threshold 
associated with carotid body inactivation are nearly all within a 2 mm 


range and such values can be regarded as identical. This is borne out by 
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the identity of the average values for arterial 
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carotid bodies were active or inactive. 


CAROTID BODIES 
ACTIVE 
DATE OF 
EXPERIMENT Time for Change 
onset of in 
hy perp arterial 
nea CO 
mm, Ha 
9/39 2 + 5.5 
3/30” +65 
8/10/39 3/40” +3.2 
0 
8/11/39 2/45” 
8/14/39 235" 
8/15/39 6/55” 
Averages of 5 re- 3/20” +3.04 
breathing experi- 
ments 
8/17/39 +2.8 
1’45” 
8/18/39 150” +1.0 
+2.5 
1’05” +7.0 
8/19/39 0'50” +). 1 
5/39 +47 
1°25” +-(}.2 
1’20” +2.6 
Q/ 6/39 0'55 
0’25 +2.8 
7/39 0 55” +2.7 
105” §.2 
Averages of 6CO 1°15” 
inhalation ex- 


periments 


rime for 
onset ot 
hyperp- 


TABLE 
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CAROTID BODIES 


INACTIVA 
Cc 
nea 


m 


106” 


TED 


hange 
in 


arterial 


CO. 


Ha 
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COs. tension whether the 


NATURE OF EXPERIMENT 


Rebreathed 25 liters of Os; onset 
of 
phneumogram 


hyperpnea judged from 


resp volume 
not measured 


Same as preceding 


Rebreathed 11 liters of O, 
febreathed 11 liters of 
readings unsatisfactory 
febreathed 11 liters of O, 
readings unsatisfactory 


pH 


pH 


Inhaled 1.5 per cent COs in Oz; 
increase of 50 ce. in depth of 
breathing used as criterion of 
onset of hyperpnes 


Same as preceding 


Inhaled 2 per cent CO, in O 
otherwise same as preceding 

Inhaled 1 per cent COs, in O, 
otherwise same as preceding 

Same as preceding — | cent 
COs in inhaled 

Same as preceding for first set 


pel 


2 per cent CO, in Os required 


for second set 


3. Influence of carotid body refleres on the activity of respiration and on 


the COs tension of arterial blood during quiet breathing (oxygen inhalation). 


| | 
= 
+4.5 
| +2.7 | 
| +4.0 
2'10” +2 0) 
2’50” 
| 
2/36” +3.2 
0'50” +8 7 
0155” +8 0 
0/50” +80 
My +4.0 
1’02” + 5.3 
+2.9 
+1.7 
0°25” 
0’55” +31 
0’54” +3.4 
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Although this question Was not in our minds while these experiments were 
being performed, when the data were assembled it was evident that valid 
information bearing upon it had been secured. The pertinent data — ob- 
tained during the inhalation of oxygen which preceded each rebreathing on 
CQO.o-O». inhalation, before and after inactivation of the carotid bodies 

are summarized in table 2. These results give no sign of an important 
degree of continuous activity by the carotid body receptors in the lightly 
anesthetized vagotomized dog breathing oxygen. “There was no consistent 
depression of respiration or increase of the CO, tension of the arterial blood 
when the carotid bodies were inactivated. The tendency toward decrease 


TABLE 2 
CAROTID BODIES ACTIVE CAROTID BODIES INACTIVATED 
DATE OF 
EXPERIMENT Respiration Arterial | plasma Respiration Arterial plasma 

B-P B-I 

Rate M-\ CoO pH pco Rate M-\ co pH pco 

cont cent 
8/11/39 5 | 1800 | 49.4 | 7.50 | 28.4 | 168 12 3400) 39.2) 7.45 24.8 166 
8/14/39 6 | 2000 | 46.2 | 7.37 | 35.5 | 202) 7 2800 | 45.5 | 7.32 | 39.0 | 208 
8/17/39 6 | 2000 | 58.7 | 7.40 | 48.2 | 120' 6 2500 8.5 | 7.38 | 45.0 | 144 
12 | 2500 | 530.7 | 7.39 | 38.0 74 «13 220) 45.5 7.38 39.0 7s 
8/18/39 | 12 | 2400 | 48.0 | 7.38 | 36.5 | 144 13 2600 | 42.7 | 7.38 | 33.5 | 184 
20 | 3100 | 50.3 | 7.39 | 37.5 | 160; 28 1000 50.0 7.39 37.3 266 
16 | 2800 | 48.4 | 7.36 38.0 104 16 2600 9.3 7.36 39.0 144 
8/19/39 9 | 2400 49.1 7.35 40.0 210 11 3000 47.3 7.37 9268 
Y/ 5/39 10 | 2000 | 53.4 | 7.41 | 37.8 | 110) 12 2300 | 52.9 | 7.41 | 37.7 | 164 
12 | 2300 | 42.4 | 7.40 | 30.5 | 124! 13 3000 | 42.7 | 7.39 | 31.2 | 158 
12 | 2500 | 43.4 | 7.39 | 32.2 | 136) 12 2000 | 43.4 | 7.39 | 32.2 140 
G/ 6/39 8 4800 41.6 7.40 29.5 180 10 OO 40.6 7.42 27.2 214 
20 | 7000 | 26.0 | 7.48 | 15.0 | 132) 22 5500 = 28 7.4] 19.5 154 
Q/ 7/39 8 | 2500 | 50.2 | 7.38 | 38.1 1660 11 5] 7.37 40.0 202 
10 | 8000 | 30.0 | 7.42 0.0} 196) 17 6100 7.40 22.5 | 144 


Average 11 | 3200 | 45.9 


10 | 33.3 | 145) 13.3) 3260 | 44.7 | 7.39 | 33.6 | 176 


in breathing and increase in arterial COs, tension that one would expect to 
follow the inactivation if the carotid bodies had been an important factor 
in maintaining respiratory activity beforehand, is completely lacking 
The only significant change produced by blocking the sinus nerves was a 
rise in blood-pressure, and this means simply that our denervation of the 
carotid pressure receptors was often Incomplete 

It should be mentioned that ina few of these animals breathing was 
distinetly depressed immediately after the sinus nerves were blocked, 


but such depression never lasted more than a minute or two and recovery 


Was complete, as the data in table 2 show The significance of this tem- 
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porary depression is problematical, for Schmidt, Comroe, and Dripps 
(1939) have found similar temporary depression of breathing to occur in 
some dogs on cooling the fluid perfusing their carotid bodies even though 
the fluid was Locke's solution, saturated with oxygen, free of COs, and at 
pH 7.4 to 7.5 1e., when there was no known stimulant to keep carotid 
chemoreceptors active. It is possible that the result of cooling means in 
activation, not of the many receptors that cause the responses to changes 
in the COs, oxygen, or pH of the blood, but of a relatively small number 
that respond mainly or only to temperature changes. Evidence on this 
point is not available, but whatever the underlying cause may be, it is 
evident from the complete recovery of respiration and of arterial CO» 
tension within a few minutes after inactivation of the carotid bodies 
that impulses from these structures play no part in maintaining the ac- 
tivity of breathing that cannot be readily and completely assumed by 
the center, under the conditions studied (lightly anesthetized, vagotomized 
dogs quietly breathing oxygen). Euler and Liljestrand (1936) obtained 
very different results in cats, for in their experiments alveolar carbon diox- 
ide tension rose, uniformly and persistently, after denervation of the caro- 
tid sinus regions. Perhaps different species of animals behave differently ; 
the anesthetic (chloralose was used in their experiments as well as ours) 
in our experience, depresses the respiratory center of the cat more than 
that of the dog, so that the reflex factor would have been relatively more 
important in their experiments than im ours; they did not selectively 
denervate the carotid pressoreceptors as we did, so that their carotid 
denervation should have caused a more marked hypertension than ours; 
their animals were not breathing Oxygen, so that a continuous chemorecep- 
tor activation by anoxia was not excluded.  ‘Tonie activation of the caro- 
tid chemoreceptors by the CO», tension existing in arterial blood under 


normal resting conditions therefore remains to be proved experimentally. 


SUMMARY AND CONCLUSIONS 


The claim of Heymans that the carotid body receptors respond more 
rapidly and at a lower threshold than the respiratory center to increases 
in the COs tension of the blood has been tested on 11 dogs. No evidence 
in support ol it could be obtained by the methods employed. 

The similar claim by Euler and Liljestrand that impluses the 
carotid bodies are an important factor in maintaining respiratory activity 
during quiet breathing without anoxemia also was not confirmed, for 
breathing was only momentarily disturbed, if at all, and arterial CO, 
tension was not significantly altered, when the carotid bodies were in- 
activated during quiet breathing of oxygen. 

The conclusions derived from previous experiments made in this labora- 
tory. that the carotid chemoreceptors are not more sensitive than the 
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respiratory center to changes in arterial CO, tension, that reflexes from 
them become important only under unusual circumstances and play no 
demonstrable part in the finer adjustments of breathing under ordinary 
conditions are therefore reaffirmed for the conditions studied (lightly 


anesthetized vagotomized dogs). 
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This study as well as our previous attempt to condition adrenalin hyper- 
glycemia was suggested by the well known somatic¢ reactions in emotional 
disturbances. Deviations from normal in the carbohydrate metabolism 
and in the gastric secretion in pathological states accompanied by marked 
emotional imbalance were previously studied. In connection with the 
present study the question arose, is it possible to condition somatic reac- 
tions which are regarded as expressions of personality reactions on the 
physiological level. 

Previous work has conclusively established the fact that those effects of 
drugs whose action is on the central nervous system, such as morphine, 
can readily be conditioned. On the other hand, claims have been made 
that varied physiological reactions, regardless of whether they derive 
from stimulation of the central or peripheral nervous system, can also be 
conditioned. Such claims refer to the successful conditioning of immune 
bodies of leucocytosis and of other somatic reactions (6). 

The two drugs (adrenalin and histamin) which we used in our experi- 
mental studies are known to have an action on the peripheral nervous 
system. Histamin causes gastric secretion equally as well after degenera- 
tion of the vagi and even in transplanted gastric pouches devoid of nerves 
(2). Our attempt to condition adrenalin hyperglycemia was unsuccess- 
ful; the negative results were previously reported (4). The present study 
summarizes the results obtained with histamin. 


EXPERIMENTAL PROCEDURE. Three dogs with Pavlov pouches were given injec- 
tions of histamin. The amount injected } to 1 ec. was sufficient to produce a 
pronounced gastric secretion. The samples of gastric juice were collected from the 
miniature stomach for one to one and a half hours after the administration of his- 
tamin. The unconditioned stimulus (histamin injection) was preceded by a condi- 
tioned one (flashing light) which overlapped the histamin injection by several min- 
utes. On test days, instead of histamin, an equal amount of saline was injected; 
the injection was similarly preceded and overlapped by the flashing light. Thus, 
the conditioning factors operating in these experiments were: the specific signal of 
the flashing light, the subeutaneous injection of an amount of fluid (saline) equal to 
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that of histamin, and the same environmental stimuli the same room, stand, man- 
ner of handling the animal and conducting the whole experiment. We know from 
Pavlov’s work that it is very easy to obtain a conditioned gastric secretion, based 
upon food, in using the environmental stimuli alone as signals. When the dog is 
placed in the room where he is usually fed, a copious conditioned secretion begins 
Therefore, our procedure undoubtedly should be more than adequate to produce a 
conditioned gastric secretion provided that the essential requirements for condi 
tioning are satisfactory. 

The conditioning experiments were carried out in three dogs: To the first dog his- 
tamin Was given 27 times between June 10 and July 26, 1935. On June 27 an injee 
tion of { ce. of histamin produced a secretion of 7.5 ec. in an hour and a half; the 
readings for each 15 minutes were: 1 ce., ee., 5 ce., ce., 2ce. The control 
secretion for one-half hour preceding the injection was 0. On June 28 the injeetion 
of the same amount of normal saline (} ce.) was followed by a secretion of only 
0.4 ee. of gastric Juice in 1} hours. This is an insignificant amount when compared 
to that obtained with histamin. On July 26 the secretion provoked by histamin 
was 27 ce. in 75 minutes; on the next day there was no secretion within one hour 
after the injection of saline 

The second dog had histamin injections 46 times between the 21st of June and the 
2st of December; 32 of these injections were given between October 29 and Decem- 
ber 21. The injections were, therefore, close enough together to produce condition- 
ing. On December 20 an injection of } ec. of histamin gave a total gastric secretion 
of 4.8 ce. in 75 minutes; on the next day with an injection of the same amount of 
saline the gastric secretion for the same period was only 0.6 cc 

A third dog received 75 injections of histamin between February 1 and June 29 
In this animal saline was injected four times during this period. Following two of 
these injections, namely, those of March 2 and March 23, there was a small amount 
of secretion, probably due to some incidental factors, this assumption being borne 
out by the absence of any secretion following saline injection on June 29 


From the results obtained in these studies it is evident that the gastric 
secretion to histamin could not be elaborated into a conditioned. reflex 
secretion. On the other hand, it is well known that the secretion of gas- 
tri¢ juice as a reaction to the eating of food can readily be conditioned; 
the animal begins to secrete when it hears only the footsteps of the person 
who usually brings food. The fact that gastric secretion can easily be 
conditioned under certain: circumstances and cannot be conditioned 
under others might be plausibly explained as follows: in the experiments 
using food as an unconditioned stimulus, the feeding of the animal pro- 
duces a strong excitation in the central nervous system which is responsible 
for the gastrie secretion. All the environmental stimuli acting simul- 
taneously with the process of feeding the unconditioned stimulation 
became closely connected with, if not active participants, in the central 
excitation. Thus, the repeated simultaneous action of both unconditioned 
and conditioned stimuli leads to formation of functional pathways render- 
ing certain brain regions controlling gastric secretion sensitive to condi- 
tioned stimuli. 

Histamin acts peripherally to stimulate gastric secretion (2). Tf it 
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provokes any central excitation at all, it does not provoke a specific exci- 
tation in the cerebrum resulting in gastric secretion. Therefore, the 
signals environmental stimuli associated with the injection of histamin 

not being incorporated into a system of central stimulation having periph- 
eral secretory effect, remain ineffective. The results of these studies 
find support in similar studies on the conditioning of the salivary secre- 
tion by other drugs — pilocarpin and morphine. The pilocarpin secretion, 
which is due to peripheral stimulation of the salivary glands, cannot be 


conditioned;! while the salivation following the injection of morphine, 


which is known to have a definite central action, can be conditioned. 


CONCLUSION 


Our conditioning experiments with adrenaline and histamin lead us to 
conclude that conditioning cannot take place if the unconditioned stimuli 
which provoke the phenomenon to be conditioned exercise their specific 
actions essentially through the peripheral and not through the central 
nervous system. 
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! Finch has recently shown that there may be a slight conditioned reflex secretion 
to pilocarpin (3, 5) 
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In a previous paper (1939) evidence has been presented for the existence 
in the spinal cord of the cat of a strueture which normally depresses or 
inhibits its reflex excitability, and which is less resistant to asphyxia than 
those involved in the excitatory part of reflex function. This view was 
based on the observation that increased reflex activity and high tone 
occurred and remained for days and even weeks after the cord had been 
subjected to asphyxia. Since the nerve cells will have either recovered 
from asphyxia or will have died after these periods of time, the increased 
reflex excitability was considered as a release phenomenon and it) was 
postulated that it is caused by a disturbance of the normal equilibrium 
between the activity of the excitatory and inhibitory structures in the 
cord. Since it is possible and even likely that the structures normally 
depressing the reflex actiy ity of the cord are also active in reflex inhibition, 


the influence of asphyxia on the inhibition of the kneejerk by stimulation 


of a homolateral sensory nerve was investigated. In the course of these 
experiments changes caused by asphyxia were found in the reciprocal 
innervation, which threw further light on the relation between asphyxia 
and reciprocal inhibition. 

Merruop. The method of asphyxiation of the cord described exten- 
sively Ina previous paper (1939) was used. In eats the dura was ligated 
at about Th. 10, isolating the caudal part of the spinal cord and the dural 
cavity. Some days later Ringer’s solution heated to body temperature 
was forced into this isolated part of the dural cavity under a pressure of 
23 to 25 em. mereury. As this is higher than the blood pressure, blood is 
prevented from entering the cord as long as this pressure is maintained, 

After recovery of the cord from asphyxia the kneejerk was recorded 
with a strong torsion wire myograph on the arm of which a small and light 
mirror was fastened. With this the contractions of the quadriceps muscle 
were recorded photographically at a magnification of about 300° times 
The frequency of the recording system was about SOO cycles per sec. The 
arm of the lever was connected with the patella by a thin steel wire forming 
a loop through a hole drilled frontally in the patella. The femur was 
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fixed with screws on a support. By moving this with a screw device it 
was possible to bring the quadriceps muscle under an initial tension. 

As stimulus for the kneejerk an electromagnetic <hammer: was aised, 
resembling the apparatus described by Johnson (1927). A current of 
short duration passed at regular intervals through a strong electromagnet. 
The movable core in the magnet swung forward and hit the steel wire 
between the patella and the lever. The core was returned to its previous 
position by a strong spring. ‘To damp out vibrations in the wire it was 
guided between smooth metal cylinders on both sides of the place where it 
was hit by the hammer. When the wire is hit it bends over the metal 
cylinders and the quadriceps muscle is stretched (fig. 1). The current 
through the electromagnet was so adjusted that the hammer just hit an 
anvil. By changing the thickness of the anvil the stretch of the quadriceps 
muscle could be varied. In most experiments the actual stretch of the 
muscle serving as the stimulus for the kneejerk was 1.4 mm. The initial 
tension was usually 200 to 300 grams. The duration of the whole stimulus 


Fig. 1. Diagram of the apparatus used to elicit the kneejerk. The steel wire, A, 
connecting the patella to the myograph, is guided between metal cylinders Bl, B2, 
B3 and B4. When the electromagnetic hammer, (, hits the wire it bends as shown 
by the interrupted line. The movements of the hammer are stopped by the anvil, D 


artefact in the curves was 5 to 8 msec.; probably the actual stimulation 
takes only part of that time. 

In some experiments the contractions of the m. tibialis anterior and 
of the triceps group were recorded simultaneously on a smoked drum, 
using isometric levers. 

Following the directions of Sherrington, all the muscles of the thigh were 
either transected or denervated, with the exception of the three vastus 
muscles. The quadriceps tendon was transected distal to the patella and 
was cut loose from the surrounding structures. The sciatic nerve was not 
transected but all its branches in the thigh were severed. Thus in animals 
in which a flexor reflex accompanied the inhibitory stimulus, it was possible 
to use the flexion of the foot as an indication of the effectiveness of the 
stimulus. Faradic stimulation of the n. peroneus superficialis was used 
to inhibit the kneejerk. To keep the animal quiet during the experiment 
it was decerebrated and sufficient time was allowed for the effeet of 
narcosis to wear off, 
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The effect of asphyxia on the inhilition of the kneejerk. Two days before 
applying the pressure the spinal cord was ligated. The duration of 
asphyxia was usually 35 minutes. The actual experiments were performed 
15 to 17 hours (in some cases 24 hrs.) after asphyxia. These periods after 
ligation of the cord and after asphyxia assured sufficiently constant condi- 
tions during the final experiment, which never lasted more than 2 hours. 

All twenty-five animals used had a brisk kneejerk, a distinet Achilles 
tendon reflex and an appreciable extensor tone in the hind legs at the time 
that inhibition was investigated. Often knee and foot clonus were found. 
In most animals a distinet reaction on pinching the foot could be observed ; 
in some, however, though a flexor reflex has been found some hours after 
asphyxia, this had disappeared again at the time of the experiment (15 24 
hrs. after asphyxia). The same symptoms have been deseribed in a pre- 
vious paper (1939) after 35 minutes of asphyxia. 

When, in the group of animals without the flexor reflex, the n. peroneus 
sup. Was stimulated faradically during a series of kneejerks, occurring at a 
frequency of 2 per sec., there was neither a contraction of the flexor muscles 
nor an inhibition of the kneejerks, except in one case in which the strongest 
possible stimulus caused a slight decrease of the kneejerk but no trace of 
flexor reflex. Though we have no proof that the impulses set up by this 
stimulus really enter the spinal cord, this is most probable. It was found 
before (1939) that even much longer times of asphyxia do not cause degen- 
erations in the posterior roots and there is no reason why the intracentral 


part of the sensory neuron should be damaged by these relatively short 


periods of asphyxia. From another group of animals, however, more 
conclusive results have been obtained. In these cats stimulation of the 
nh. peroneus sup. caused a flexor reflex (or other reactions which will be 
described later) but did not cause any change in the series of kneejerks. 
In one experiment, e.g., a stimulus with a coil distance of 9.5 em. was the 
threshold for the flexor reflex. This did not cause inhibition of the knee- 
jerk and neither did stimuli with coil distances of 5, 2.5 and O em. In 
these cases it Is certain that impulses set up by the stimulus have reached 
the cord and the conclusion must be drawn that the structures for the flexor 
reflex are somewhat more resistant to asphyxia than those active in the 
inhibition of the kneejerk. Ina third group of animals stimulation of the 
nh. peroneus sup. caused a flexor reflex and the normal total inhibition of 
the kneejerk for the duration of the faradic stimulation, usually with 
threshold strength for the flexor reflex. Intermediate between the second 
and third groups of animals, some cats have been found in which stimula- 
tion of the n. peroneus sup. caused inhibition only at the beginning, afte 
some seconds the kneejerk escaped and showed up normally not withstand- 
ing the continuation of the stimulus. 

The duration of the kneejerk, measured from the beginning of the con- 
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traction to the “angle,” was determined in most of these experiments. 
Durations of 55 to 95 msec. were found. No correlation between the 
duration of the kneejerk and the damage to the cord by asphyxia was 
observed. 

The effect of asphyxia on reciprocal innervation. In a few of the animals 
deseribed above pinching of the foot caused not a regular flexor reflex 
but an increase of the extensor tone in the ankle joint. In some others 
pinching of the foot caused a flexion as long as this stimulus lasted, but 
was followed by an extension of the foot (extensor rebound). 

When the contractions of the m. tibialis anterior and of the triceps 
group were recorded in an animal which showed extension of the foot on a 
pain stimulus, it was found that faradie stimulation of the n. peroneus sup. 
caused a contraction in both muscles simultancously. In other experl- 
ments in which the animal Was prepared for recording of the kneejerk, the 


hig. 2. A. Contraction of the quadriceps muscle caused by faradice stimulation of 


the n. peroneus superfieialis (coil distance 10 em Beginning and end of the stim 
ulus are marked with an arrow. The contraction declines before the end of the 
stimulus. The horizontal line indicates a time of 0.5 see. B. The same stimulus 


given during a series of kneejerks. Each kneejerk is preceded by a spike-like stim- 


ulus artefact The same contraction of the quadriceps asin A occurs: anv inhibitors 
effeet on the kneejerk is very doubtful 


stimulation of this nerve caused contractions in the vastus as well as in 
the flexor muscles. When this stimulus was given during a series of knee- 


ierks, it did not inhibit them. Figure 2 illustrates these phenomena. 


Since in these cats there were simultaneous contractions of antagonistic 
muscles it must be concluded that reciprocal innervation can be abolished 
by asphyxia. 

Figure 3 is a record of the contractions in the triceps group during faradic 
stimulation of the n. peroneus sup. of a eat in which pinching of the foot 
caused flexion followed by extension. At the beginning of the stimulus 
there was a slight contraction, then the musele relaxed and after the end 
of the stimulus a new and much stronger contraction occurred. This 
probably is an intermediary state between the abolition of reciprocal 
Innervation as described above and the normal state. 


Discussion. In Sherrington’s scheme of reciprocal innervation (1926) 
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he assumed that the impulses causing the flexor reflex reach, by different 
paths, the extensor as well as the flexor motoneurones, inhibiting the first, 
exciting the second. Stimulation of a nerve such as the n. peroneus sup 
sets up impulses not only in fibers for the flexor reflex, but also in fibers 
which when stimulated alone would cause exteroceptive extensor reflexes, 
eg., the extensor thrust. In a normal animal the latter impulses will 
remain without visible” result, since the extensor motoneurones are 
inhibited (reciprocal inhibition). 

The abolition of reciprocal innervation by asphyxia observed in some 
cats in which stimulation of the n. peroneus sup. caused contractions in 
flexor and extensor muscles simultaneously can be explained easily with 
Sherrington’s scheme and by assuming that the structures for the reciprocal 
inhibition during the flexor reflex are more severely damaged than those 


for the excitatory part of this reflex and than those for the exteroceptive 


Fig. 3. Myogram of the triceps muscle during faradic stimulation of the n. perone 
ous superficialis. A. Signal indicating the stimulus. B. Time in seconds.  (¢ 
Myogram showing a slight contraction at the beginning of the stimulus and a much 
larger one after stopping it 


extensor reflexes. The reeipreeal inhibition of the extensor motoneurones 
being destroyed by asphyxia, the extensor reflexes can then be elicited 
simultaneously with the flexor reflex. 

In animals in which stimulation of the mn. peroncus sup. failed to cause 
inhibition of the kneejerk and did not elicit contractions in extensor ot 
even in flexor muscles, the damage of the spinal cord has been more severe 
and includes besides the structures for reciprocal inhibition, those for the 
exteroceptive extensor reflexes and eventually the excitatory ones for the 
flexor reflex. 

In those cats in which pinching of the foot caused flexion followed by 
extension, the structures involved reciprocal inhibition are not so 
severely damaged that they cannot suppress more or less Completely the 
extensor reflexes caused by the stimulation of the n. peroneus sup. After 
stopping the stimulation, however, the extensor reflex after-discharge 
seems to be unopposed by an after-effeet of reciprocal inhibition 
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It must be concluded that the structures for reciprocal inhibition ar 
much more easily damaged by asphyxia than those for the kneejerk. The 
difference in resistance between the inhibitory structures and those for 
the extensor reflexes and for the excitatory part of the flexor reflex is quit 
small. This explains why cats in which abolition of reciprocal innervation 
could be observed are rare. 

The abolition of inhibition of the kneejerk by periods of asphyxia which 
do not seriously damage that reflex is strong support for the postulat: 
made in a previous paper that high reflex excitability and high tone afte: 
asphyxia are caused by damaging a structure normally inhibiting the 
reflex excitability of the cord. 

The phenomena observed after asphyxia (high reflex excitability and 
abolition of reciprocal innervation) resemble closely those of certain phases 
of strychnine intoxication, suggesting that they too may be caused by the 
same mechanism, namely, by the abolition of the function of inhibitory 
structures. This indeed has been suggested as an explanation of these 
phenomena of strychnine intoxication (Frohlich and Meyer, 1915; Meyer 
and Gottlieb, 1936; see also Sherrington, 1926). 


SUMMARY 


Spinal reflexes were investigated in cats in which the spinal cord had 
been asphyxiated for 35 minutes, 15 to 17 hours before. 

In a number of cases an abolition of the inhibitory effect of faradic 
stimulation of the n. peroneus superficialis on the kneejerk was observed. 
In some of these the stimulus, though not causing inhibition of the knee- 
jerk, nevertheless elicited a flexor reflex. 

In a few animals stimulation of the n. peroneus sup. caused simul- 
tancously a contraction in the flexor and in the extensor muscles of the 
stimulated leg. Thus these cats reciprocal innervation had been 
abolished by asphyxia. 
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The physiological properties of nerves in Walleman degeneration have 
been only little studied (for references see Titeca, 1935). During a study 
of the causes for failure of transmission of nerve impulses from degenerating 
motor nerves (Lissik, Dempsey and Rosenblueth, 1939) several features 
of such nerves were encountered that were not in accord with previous 
data. It was deemed of interest, therefore, to attempt a more detailed 
analysis of those features. The present paper deals with the electrical 
excitability, spike-potential magnitude and conduction velocity of degen 
erating nerves. 

Mertruop. The peroneal and popliteal nerves of cats were studied 
One sciatic was cut at the hip aseptically under ether anesthesia. Care 
was taken not to damage the blood supply of the nerve by the section 
The experiments were carried out 24 to LOO hours later. 

The cats were anesthetized with dial (Ciba, 0.75 ce. per kgm. intra 
peritoneally). 

In some of the observations on the clectrical excitability the indicator 
of nerve activation was the contraction of the corresponding muscles 
The legs were fixed by drills inserted into the tibiae, kither the Achilles 


tendons or those of tibialis anticus were freed and attached to tension myo 


graphs. Shielded silver-wire electrodes were then applied to either the 
popliteal or the peroneal nerves. The interelectrodal distance was | em. 

The majority of the experiments were carried out on the excised nerves 
dissected away from fascia as much as possible. “Phe nerves were im 
mersed in Ringer’s solution and then placed in a moist chamber on silver 
wire electrodes at distances of from 0.5 to lem. The temperature of th 
chamber varied from 26 to 20°C. for different experiments, but was approx 
imately constant for any given set of observations 

The electrical excitability was measured, testing with single condenses 
discharges of various capacities. The resistances placed in shunt or in 
series with the nerve will be mentioned later. 

The frequency of repetitive stimulation was regulated by a thyratron 
tube, controlled by alternating current from oan oscillator. Condenser 
discharges were sent to the primary coil of a transformer. “The nerves 
received the diphasie output. 
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The electric responses of the nerves were led to a 5-stage capacity couple 
amplifier and recorded from a cathode-ray oscillograph. 

Resuits. A. Changes in weight. A very obvious change in degenerat 
ing nerves was their edematous condition. The nerves looked larger tha: 
the normal. They were stiff and turgid. The change was not limited t 
the region neighboring the cut but extended throughout the nerve, althoug! 
the blood supply was adequate; indeed, the nerves appeared congested a 
compared to the normals. 

As befits the edematous condition, the weight of the cut nerves wa 
invariably greater than that of the normals, for equal lengths. The differ 
ence in weight increased progressively up to the 4th day after the section 
the cut nerve being then about 30 per cent heavier than the normal. 

This edematous condition has been neglected in the appraisal of th: 
physiological properties of degenerating nerves. It is obvious, however 
that an important shunt within the nerve trunk should modify all th 
electrical phenomena observed. 

B. The electrical excitability. Voltage-capacity curves were constructed 
over a range of 0.001 to 3uF. Either muscular twitches or nerve action 
potentials were used as indicators of stimulation. The end-point was 
usually about 30 per cent of the maximal response. The results from just 
threshold responses were similar. 

The curves were plotted logarithmically and were treated as suggested 
by Hill (1936). A theoretical curve was drawn on glass with the same 
scales used in plotting the observations. The theoretical curve was then 
moved parallel to the axes until the best fit was obtained for the experi- 
mental curves. This fit was usually satisfactory, especially for the small (less 
than 0.02uF) and for the large (more than 0.2uF) capacities. Occasionally 
the middle range was cither high or low as compared with the theoretical 
curve, Such a misfit may be interpreted in some cases as denoting a break 
in the curve, due to the activation of different elements by the different 
capacities (Hill, 1936), or it may be interpreted as indicating that Hill's 
formula does not deseribe accurately the experimental results. 

The resistance of the nerves was determined by a Wheatstone bridge. 
Other resistances in series (usually 38,000e) and in shunt (usually 18,000) 
insured a total resistance largely independent of the nerve. resistance, 
With the knowledge of the total resistance the values of the rheobase 
(voltage parameter) and of & (time parameter, chronaxie = 0.693) could 
be readily determined by the position of the theoretical curve. 

Figure | illustrates typical results. Phe values of the rheobase and of k 
are summarized in table Ll. It is apparent that the time parameter is not 
significantly modified even after 4 days of degeneration. The voltage 
parameter, on the other hand, is usually greater on the operated than on 
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ce normal side (ct. Titeea, 1935). The degenerating nerve is therefore 
<s excitable than the normal 


C. The spike potentials. The magnitude of the spike potential of the A 


fibers was studied by recording monophasically from the periphe ral region 
f the excised nerves. Maximal stimuli were applied to the central end 

i.e., With an interelectrodal distance of about 6 mm., the stimulating 
cathode was from 8 to 10mm. peripheral to the point where the original cut 
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Fig. 1. Voltage-capacity curves of degenerating nerves. Ordinates 


logio Volts 
abscissae: logio capacity. Circles (lower curve): normal 


control Dots (upper 
curve): degenerating nerve. Additional resistances: 18,000 in parallel, and 38,000 
in series with the nerve. In all the curves the order for the determinations was the 
following: 1.0, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01, 0.005, 0.002, 0.001, 0.003, 0.008, 0.03, 0.08 
0.3 and O.8uF. 


A. Degeneration: 48 hours. Popliteal nerve in situ. Indicator of nerve activity 


30 per cent of a maximal twitch of the muscles attached to the Achilles tendon 
perature: 37°C. 


B. Degeneration: 79 hours. No transmission of nerve impulses to any of the 
muscles. Excised peroneal nerves stimulated near the central end 


Indicator of 
nerve activity: 30 per cent of a maximal A spike potential 


Temperature: 26.5 ¢ 
for degeneration had been made. The changes of spike magnitude with 
increasing time of degeneration, as recorded by this method, are shown in 
table 2. It is apparent that the A spike potential is equal to the normal 
up to 2 days after section of the nerve. The spikes decrease thereafter 
but may still be recorded after 4 days of degeneration. 

D. The centrifugal course. fin anormal nerve electrograms are observed 
with variable distances between the stimulating and the recording clee- 
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trodes, the spike potentials In response to maximal stimuli increase it 
magnitude (and become briefer) as the conduction distance decreases 
(figs. 2 and 3). These changes are readily explained by the increased 


temporal dispersion which corresponds to greater conduction distance: 


TABLE | 
Klectrical exc itability 


Values of the rheobase (in volts) and of the time constant & (in msee for ae 


generating nerves I) and the corresponding control normal nerves N The 
column marked “hours”? indicates the time of degeneration The column marked 


“resistance indicates the total resistance (in ohms) of the stimulating cireuit and 


the nerve. Experiments | to 4 were made with the peroneal nerves (nm situ, at) bod 
temperature, using the muscle response as an indicator The remainder of the 


experiments were made by recording action potentials of excised nerves at about 


27° hence the different value for 


RHEOBASE 
EXPERIMENT 


HOURS KESISTAN 

N N 

1s S70 0.14 0.39 O.10 

1S 12.500 0.12 0.64 0.09 0.08 
S 12.500 0.45 0.78 0.15 6.12 
} 12.500 40 0.14 0.14 
IS 12.500 0.44 () 2S 0.29 () 37 
6 1S 12.500 0.36 ().27 0.39 
72 5.000 0.13 0.23 0.23 
ral) 12.500 O.14 0.39 0.26 0.26 
10] 12.500 0.16 0.25 0.27 0.25 

TABLE 2 


Spike-potential magnitude 

The height of the monophasic spike potential of the A fibers of degenerating nerves 
is expressed as per cent of the height of the spike of the opposite control norma! 
nerve The values are averages of several observations on different animals The 
deviations from the average were marked (+ 30 per cent) after 72 hours. The stimuli 
were applied near the central cut end of the nerves and the records taken from 
regions 4 to 7 ¢m. more peripheral 

TIME OF DEGENERATION HOURS 


24 4S 72 100 


Spike-potential magnitude 100 104 33 23 


Similar experiments made on degenerating nerves (2 days or more) led to 
quite different results, as follows. The recording electrodes were placed 
at the peripheral end of the excised nerve. The stimulating electrodes 


were then moved progressively from more central to more peripheral 
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egions. The spikes increased far more than did the normal in similar 


ircumstances. The results are illustrated in figure 2 fora typieal instances 
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Fig. 2 Increase of spike-potential magnitude as the stimulating cathode is moved 
peripherally on the peroneal nerve Time of degeneration 53 hours Phe recording 
electrodes were applied to the distal end of the excised nerves: the proximal lead was 
Sem. away from the original cut on the degenerating side Phe upper row of records 
is from the normal, control nerve, and the lower row from the degenerating nerve 
The first exeursion in the records is the stimulus artifact Conduction distances 
A. 6.1: B, 4.5; C, 2.8: and D, 0.9 em. Time calibrations: upper, 5,000; and lower 


10,000 eveles 


hig. 3 Increase of conduction velocity of the fastest fibers in a popliteal nerve 


as maximal stimuli are applied in regions increasingly peripheral from the origina 


eut The recording electrodes were fixed in contact with the distal end of the nerve 
Time of degeneration: 77 hours. The original reeords (similar to those in fig. 2 
were traced by projecting them through a photographie enlarger Solid line: degen 
erating nerve. Broken line: normal control. Conduction distances: A, 4.5: 3.3 
and C, 0.9 em Time seale: 0.2 msec 

and summarized numerically in table 3 for all the cases studied I hve 


phenomenon Was usually striking in nerves after 2 to 4 days of degenera 


tion We are unable to account for TPiteen’s (1935) failure to observe it 
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A similar greater than normal increase of spike magnitude was observed 
when the stimulating electrodes were applied to the peripheral end of 
degenerating nerves and the recording electrodes were moved progressively 
closer to the stimulating cathode. On the contrary, recording from thi 
central end and moving the recording clectrodes led to changes quantita- 
tively analogous to those in normal nerves. 

This behavior of degenerating nerves leads to the conclusion that de- 
generation follows a centrifugal course, being more pronounced at the 
central than at the peripheral end at a given moment. The greater than 
normal growth of the spikes in figure 2 was due, therefore, to the activa- 

TABLE 3 
Increase of spike-potential magnitude as the stimulating cathode is moved progressively 
from the central cut end toward the periphery of a degenerating nerve 

The recording electrodes were applied to the distal end of the excised nerves; 
the proximal lead was from 4.5 to 8 em. away from the original cut on the degenerat- 
ing side. The position of the stimulating cathode is indicated by the conduction 
distance. The spike-potential magnitude for a given conduction distance is ex- 
pressed as per cent of the magnitude of the response of the normal control in similar 
conditions. 


CONDUCTION DISTANCE 


HOURS OF 
DEGENER- tH 6.1 4.5 3.8 3.3 2.8 0.9 
ATION 


Spike magnitude 


18 166 176 72 172 173 

1S 138 128 138 

1S SS 93 QR Q7 
53 38 1s 
77 SO gg 115 122 
77 6S 69 76 

77 19 29 29 

749 14 16 
101 13 13 14 iz 


tion of a greater number of fibers as the stimulating cathode was moved 
peripherally. This inference was confirmed using muscular twitches as 
an indicator of nerve activity. Whereas in normal nerves the magnitude 
of the muscular twitches was independent of the region of the nerve stim- 
ulated, in degenerating nerves (over 2 days) the muscular responses were 
greater When the nerve was stimulated close to the muscle than those ob- 
tained with stimuli applied farther away from the muscle. These results 
confirmed those reported by Parker (1933, 1934). 

Ik. Conduction velocity. When the stimulating electrodes were applied 
near the central end of the nerve the conduction velocity of the fastest 
fibers responding was usually either equal to or slightly greater than nor- 
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mal during the first 2 days of degeneration. For longer periods of degen- 
eration the conduction velocity measured in these conditions was less than 
normal (fig. 3, table 4). 

If the stimulating electrodes were moved peripherally along the nerves, 
concomitantly with the increase of spike magnitude described above, the 
conduction velocity of the fastest fibers increased and frequently became 
greater than normal when the stimulating cathode was about 4 em. pe- 
ripheral to the original cut. 

The increased conduction rate for the fastest fibers was attended by a 
shortening of the entire spike electrogram. As shown in figure 3, not only 
the beginning, but also the crest and the declining branch of the spike 


moved in with respect to the normal as the stimuli were applied more dis- 


tally from the central end. 


TABLE 4 
Conduction velocity as a function of the spike magnitude 
The conduction rate of the fastest fibers in degenerated nerves is expressed as 
per cent of the rate of the corresponding elements of the normal control nerves 
Maximal stimuli were applied at distances of from 0.6 to 5.0 em. peripherally from 
the central, originally cut end. The electrograms were derived from the peripheral 
region of the excised nerves. The conduction velocity of the normal nerves was 
64 m/sec. (average of 14 determinations at 26 to 27°C.). As explained in the text, 
the spike magnitude, expressed as per cent of the normal, is a function not only of 
time of degeneration but also of the region of the degenerating nerves stimulated 
All the values are averages of several observations on different nerves 
Spike magnitude 137 
Hours of degeneration 18 
Conduction velocity 115 


F. Fatigability. Under this heading will be described the changes of 
spike magnitude and of conduction velocity which take place upon pro- 
longed repetitive stimulation at relatively rapid rates. These changes 
are reversible, disappearing with rest. 

As regards normal nerves, Rosenblueth and Luco (1939) showed that 
stimulation for several hours at 60 per sec., in situ, with blood supply 
intact, led to no significant decrease of the spike potential of the A fibers. 
Higher frequencies of stimulation did result in a drop of the spikes, the 
prompter and the more marked the higher the frequency. 

The excised nerves in the present study were more sensitive to repetitive 
stimulation than circulated nerves. Stimulation at 60 per sec. usually 
resulted in a decreased spike potential and a slowed conduction rate after 
5 to 15 minutes of stimulation. 

The degenerating nerves showed no significant differences from the 
normal during the first 2 days; indeed, the responses were frequently better 
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sustained, both in magnitude and in velocity, than the controls for a given 
rate and period of stimulation. On the 3rd and 4th days, on the othe: 
hand, the degenerating nerves became progressively more fatigable than 
the normal. Relatively low frequencies (up to 100 per sec.) and briet 
periods (less than 1 min.) of stimulation did not reveal any difference. 
If either the frequency or the period was increased, however, both the 
spike potential and the conduction velocity decreased more for the degen- 
erating than for the control nerve. Thus, in a typical instance, 5 min. of 
stimulation at 120 per sec. resulted in a 25 per cent decline of spike and a 
20 per cent slowing, as opposed to a decline of 8 per cent and a slowing ot 
12 per cent in the normal control nerve. 

With very high frequencies of stimulation (300 or more per sec.) alterna- 
tion occurred more promptly and was more prominent in the degenerated 
than in the normal nerve. 

These results agree only in part with those reported by Titeca (1935). 
He concluded a, that fatigability was the most prominent characteristic 
of degenerating nerves; b, that it was so marked that it rendered almost 
impossible the study of advanced degeneration, because the mere dissection 
of the nerve would stimulate it sufficiently for prominent fatigue; and c, 
that it became apparent within a few hours of degeneration (24 in the frog, 
equivalent to 5 to 10 in the cat). The present data support the conclusion 
that degenerated nerves are more fatigable than the normal, but such 
fatigability is delayed and is never very striking in the cat. Indeed, it 
appears as if the emphasis should be laid in the opposite direction: it is 
surprising that nerves which have degenerated for 4 days, in which only 
a small fraction of the A fibers are excitable, are still capable of following 
frequencies as high as 60 to 100 per sec. for an hour or more with very little 
change in either electrical threshold, spike-potential magnitude or conduc- 
tion velocity. 

Discussion. No uniform criterion is available for measuring the elec- 
trical excitability of nerves. Hill’s (1936) approach to the problem was 
followed here (section B) because it furnishes a convenient method for 
calculating with relative accuracy both the voltage and the time para- 
meters of the complex curves of excitability. According to Lapicque (1926) 
only the time parameter is of significance. That view would lead to the 
conclusion that degenerating nerves are normally excitable (values of k, 
table 1). 

This interpretation is unsatisfactory. If excitability is defined as the 
reciprocal of the threshold, then whenever a structure x requires for any 
duration a higher voltage and for any voltage a greater duration than an- 
other structure y, other conditions being equal, then z is less excitable than 
y. Whether this difference in threshold be due to a change in the voltage 
or in the time parameter or in both is irrelevant. On this basis we con- 
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clude that degenerating nerves are less excitable than normal nerves. 
The exceptions (expts. 5 and 6, table 1) were probably due to differences in 
the electrode contact resistance or in the amount of moisture shunting the 
electrodes. These exceptions merely indicate that it is not easy to deter- 
mine with accuracy differences in rheobase, not that such differences are 
not of importance for the measurement of electrical excitability. 

The edematous condition of the degenerating nerves (section A) may 
at least partly explain this lowered excitability. The interstitial fluid 
would act as a shunt for the stimuli, thus raising the voltage parameter of 
the curves. The early destruction of the myelin sheath (see Ramén y 
Cajal, 1928), on the other hand, would probably lower the rheobase, since 
myelin is generally accepted as an insulator. It is not possible to appraise 
the relative influence of these two factors. 

A decrease of the spike magnitude of a nerve trunk could be produced 
either by cessation of conduction in some of the fibers, which would then 
act as a shunt for the active elements, or by a decrease of the spike poten- 
tial per fiber. An increase of the spike potential above normal, neglecting 
differences in temporal dispersion, can only be due to an increase of the 
potential difference per fiber. The smaller values of the spikes in nerves 
degenerated over 2 days when stimulated near the central end are due 
(section D) to the inexcitability of some fibers in that region of the nerve. 
As the stimuli are applied farther away from the central end the spikes 
grow. If there were a decrease of spike per fiber the responses of the de- 
generated nerves should never be greater than those of the controls. 
Since they frequently do become greater than normal (see tables 3 and 4), 
it may be concluded that at some time during the process of degeneration 
the spike potential is greater than normal. 

The increase is probably even greater than is apparent in the records, 
for here again the interstitial fluid should shunt the electric response, mak- 
ing it appear smaller. The loss of the myelin sheath would, on the con- 
trary, favor the recording of potential differences. Whether or not the 
increase of spike potential is followed by a subsequent decrease shortly 
before cessation of conduction is impossible to decide. Only a study of 
single fibers in standard conditions would answer that question. 

The changes of conduction velocity described in section Ek may be in- 
terpreted as follows. 

The increase of conduction rate when the stimulating cathode is moved 
peripherally toward the recording electrodes (fig. 3, table 4), together with 
the fact that degeneration follows a centrifugal course (section D), suggests 
that the fastest fibers are the first to degenerate. As the stimulating cath- 
ode is shifted peripherally it would meet more and more of the fast fibers 
which were inexcitable near the central end. The fastest conduction rate 
would therefore be greater and the crest of the composite spike would 
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oecur sooner for more peripheral than more central stimulation, as is in- 
deed found to take place (fig. 3). 

Other evidence agrees with the inference that the fast fibers degenerate 
more rapidly than the slow ones. In a few nerves a normal C spike could 
be elicited although the A spike was considerably smaller than normal. 
Anatomical data support the view in question (see for references Spiel- 
meyer, 1929). 

The concept of more precocious degeneration of fast fibers is not suffi- 
cient, however, to account for the data. There are changes in conduction 
velocity per fiber during the process. The conduction velocity of the fast- 
est elements in the degenerated nerve may be significantly greater than 
that of the corresponding normal fibers (fig. 3, table 4). This can only be 
due to super-normal conduction rate at some time during degeneration. 
On the other hand, the composite spike recorded upon stimulation of the 
central, highly degenerated end of the nerve may be much slower in its 
descending branch than the normal, suggesting slowed conduction in that 
highly degenerated region. 

Indeed, the assumption that conduction velocity in any fiber first in- 
creases and later decreases during degeneration is sufficient to account for 
all the changes recorded, without the other assumption that fast fibers de- 
generate more rapidly than slow fibers. It is, of course, possible that both 
assumptions are true. 

The influence of edema upon conduction velocity may now be considered. 
As Hodgkin (1939) has shown, conduction velocity is greater when the 
medium surrounding a nerve fiber has a low electrical resistance than when 
this resistance is high. Interstitial fluid would thus favor the increase of 
conduction velocity, especially since the insulating myelin sheath degen- 
erates early. 

The data in section D confirm Parker’s (1933, 1934) conclusion that 
degeneration occurs more promptly at the central than at more peripheral 
regions of a severed axon. The denial of this centrifugal course by Titeea 
(1935) is based on inadequate evidence. Why such a centrifugal course 
should take place, and also why the faster, thicker fibers probably degen- 
erate more rapidly than the slower, finer elements, are questions open for 
the present only to speculation. 

In a separate communication (Lissik, Dempsey and Rosenblueth, 1939) 
Titeea’s (1935) finding is confirmed, that transmission of motor nerve 
impulses may cease at a time when the nerve action potentials are nor- 
mal. This failure of transmission Titeca interpreted as due to a pre- 
cocious degeneration of the motor nerve endings, quoting anatomical 
literature to support this interpretation. Anatomical evidence alone can- 
not settle the time at which conduction stops in any region of the nerve. 
The present data lend no support to the view that degeneration of the nerve 
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endings occurs earlier,than in the rest of the axon. On the contrary, since 
degeneration follows a centrifugal course and since thick myelinated fibers 
degenerate more rapidly than do fine unmyelinated eiements, it appears 
more likely that the nerve endings are the last part of the neurone to cease 
conducting. 

Throughout this discussion an attempt has been made to evaluate the 
influence of two anatomical changes occurring early during degeneration 
the disappearance of the myelin sheath and the development of edema 
This attempt was not made with the purpose of abstracting an ideal con- 
ducting axon independent of the surroundings. The environment in- 


fluences not only the experimental conditions for electrical stimulation, 
and for recording demarcation or action potentials, but modifies also, as 
Hodgkin (1939) showed, the fundamental physiological property of axon 
conduction. The analysis of the several factors modifying the activity of 


degenerating nerves should lead, however, to a desirable knowledge of the 
physiology of normal axons. In this connection the present study allows 
only vague conclusions. Up to the moment when irreversible loss of 
excitability and conductivity take place only very slight differences from 
the normal are detectable, and some of these differences are attributable 
to the relatively incidental edema. At a time when anatomically the 
structure of the nerve is violently disrupted, its electrical excitability, 
spike potential and conduction velocity may be practically normal and its 
fatigability may be only slightly greater than normal. 

The facts suggest that irreversible loss of function is quite sudden. 
Some factor, physical or chemical, diminishes or increases beyond a 
critical range and conduction immediately disappears. A cognizance of 
that factor would significantly bolster our knowledge of the nature of the 
nerve impulse. 


SUMMARY 


In cats the sciatic nerve was cut and the peroneal and popliteal branches 
were studied 1 to 4 days thereafter. 

The electrical excitability of degenerating nerves is decreased because, 
although the time parameter is not significantly changed, the voltage para- 
meter is higher than normal (fig. 1, table 1). 

The composite spike potential of the nerve trunk decreases as some of the 
fibers cease conducting (fig. 2, table 2). The spike magnitude per fiber is 
greater than normal at some time before conduction stops (table 3, p. 24) 

Degeneration follows a centrifugal course—1i.e., it is more marked at a 
given time in the central than in the peripheral end of the excised nerves 
(p. 23). 

The conduction velocity first increases, then slows during degeneration 
(table 4, p. 25). 
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The degenerating nerves are more fatigable than the normal ~i.e., 
for a given relatively high frequency and relatively long period of stimula- 
tion the decline of spike-potential and the slowing of conduction rate are 
greater in the degenerating nerves (p. 25). 

The réle of edema (p. 27) and of the early regression of the myelin 
sheath during degeneration is discussed. These factors play a part in 
but do not account for all the changes encountered. 

Conduction ceases suddenly; the factor responsible is unknown (p. 29). 
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When the motor nerve fibers to a skeletal muscle are stimulated with a 
sufficiently high frequency the initial rise of tension is promptly followed 
by a fall and this in turn by a slower rise (Hofmann, 1903). This charac- 
teristic sequence is indicative of changes at the neuromuscular synapses 
(Rosenblueth and Morison, 1937). The trough in the response is due to 
lack of transmission at some of the synapses. We propose to speak of 


these successive phases in the process of activation of the muscle by the 


nerve as the first three stages of transmission. 

A similar sequence of presence, absence and then again presence of 
transmission may be readily elicited in perfused (Brown and Feldberg, 
1936) or in eserinized normally circulated sympathetic ganglia (Cannon 
and Rosenblueth, 1937) by rapid stimulation of the preganglionic nerve 
fibers. 

The 3rd stage of transmission-——or the Ist, if the frequency of stimula- 
tion is not high enough to elicit the 2nd stage is followed by a fall of 
response due again to absence of transmission. This is the period of 
“fatigue”? (4th stage). Finally, in both neuromuscular and ganglionic 
systems, if stimulation is sufficiently prolonged a late rise of tension 
takes place (5th stage; Rosenblueth and Luco, 1939; Lanari and Rosen- 
blueth, 1939). 

According to the electrical theory of synaptie activation, the absence 
of transmission during the 2nd and 4th stages could only be due to either 
a decrease of the presynaptic spike potentials, or to a decrease of the elec- 
trical excitability of the postsynaptic elements. In a separate communica- 
tion (Rosenblueth and Lissik, in preparation) it will be shown that the 
electrical theory fails to account for the 5 stages of transmission. 

According to the chemical theory of synaptic activation by acetyl- 
choline, transmisson will occur whenever the concentration of the mediator 
is greater than the threshold of the postsynaptic elements, without attain- 
ing, however, the level at which paralysis instead of excitation takes place. 
The present study is concerned with the changes in the amounts of acetyl- 
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choline liberated and in the threshold of the responding elements through- 
out the 5 stages of transmission. 

Merruops. Cats were used, anesthetized with dial (Ciba, 0.7 ee. per 
kgm. intraperitoneally). In the animals in which a semisection of the 
spinal cord at L1 was made to increase the sensitivity of the ipsilateral hind 
limb muscles to acetylcholine (Cannon and Haimovici, 1939), this opera- 
tion was performed aseptically under ether 5 to 8 days previous to the 
experiment. 

The muscle employed was usually the quadriceps. Drills were inserted 
into the femur to fix the animal. The freed patellar tendon was attached 
to the short arm of a myograph for recording. The muscle pulled against 
heavy rubber bands, the contractions were therefore mainly isometric. 
Upward excursions in the tracings indicate development of tension. Some 
observations made on gastrocnemius or soleus confirmed the results 
obtained from quadriceps. 

The nictitating membrane was employed as an indicator of impulses 
transmitted through the superior cervical ganglion. The eyeballs were 
removed to prevent passive movements. The contractions were isotonic. 

In some experiments platinum needles were inserted into the tendon 
and belly of the muscle, or silver wire electrodes were applied to the post- 
ganglionic fibers. The electric responses were led to a 5-stage capacity- 
coupled amplifier and observed or photographed from a cathode-ray 
oscillograph. 

The stimuli used were condenser discharges with frequency regulated 
by a thyratron. They were passed through a transformer in order to 
deliver diphasic pulses to the nerve, better suited for prolonged stimulation. 

For the determination of the acetylcholine contents of ganglia and nerves 
several procedures were followed. Extraction was made, following the 
acid alcohol method (Engelhart, 1930), or the eserine-Ringer heating 
method (Loewi and Hellauer, 1938) or the eserine-Ringer method (Lissdk, 
1939a). The extracts were commonly dialized before titration. The test 
object for the determinations was mainly the isolated frog heart. A few 
control titrations were made on the eserinized leech muscle. 

When it was desired to determine the acetylcholine contents of a nerve 
during stimulation without any intervening rest period, two procedures 
were followed. In some cases the stimulation was made in vitro, after 
careful dissection and removal from the body. At the time desired, with- 
out interrupting the stimuli, the nerves, supported by the electrodes, 
were immersed for 5 to 10 see. in liquid air. They were then transferred 
to acid absolute aleohol for extraction. Immediate fixation of normally 
circulated ganglia was obtained by local application of COs snow in the 
course of stimulation. The ganglia were dissected out while still frozen 
and immediately ground with sea sand to which CO, snow had been added. 
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Other details of the methods employed in the several experiments are 
deseribed in the corresponding sections below. 

Resuits. A. Changes in the threshold to acetylcholine. These changes 
in threshold were investigated by recording the responses to submaximal 
doses of acetylcholine before and after brief or prolonged periods of stimu- 
lation. A decrease in the magnitude of the response to the test dose ot 
acetylcholine indicates the activation of a smaller number of elements 
ie., an elevation of the threshold. Conversely, an imerease of the test 
responses denotes a lowering of the threshold. 

When testing the ganglion the injections were made into the cardiac 
end of the tied external carotid, above the bifurcation. The preparation 
was as follows. The lingual artery was tied. The external carotid was 
dissected and tied as far cephalad as possible. A bull-dog clip was placed 
near the bifurcation. The external carotid was then cannulated with an 
injection needle (filed to prevent damage of the artery). A tuberculin 
syringe was provided with a two-way stopcock adjustment connected with 
the needle and with a burette containing the acetylcholine solution, diluted 
to the desired concentration in bicarbonate-free Ringer. By turning the 
stopcock the syringe could be filled with the desired amount of solution 
(usually 0.1 to 0.2 ce.) or connected with the cannula in the artery. The 
bull-dog clip on the artery was released only for injections so that the 
cannula was never in contact with blood, thus preventing the formation 
of clots. 

As Rosenblueth and Cannon (1939) have shown, the responses of the 
ganglion to acetylcholine administered into the carotid artery can be 
readily distinguished by their brief latency and rapid development from 
the later and slower contraction of the nictitating membrane which takes 
place when the drug reaches the smooth muscle. 

The tests on muscle were made by two different methods. In some ani- 


mals the spinal cord was semisected at L1, to inerease the sensitivity of 
the hind limb muscles to acetylcholine (Cannon and Haimovici, 1939). 
These animals were used 5 to 8 days later. The injections were made into 


the cannulated central end of the inferior mesenteric artery. The artery 
was kept occluded between injections. 

After several unsuccessful attempts to obtain reliable contractions of 
normal muscles to acetylcholine, a technique similar to that deseribed by 
Brown, Dale and Feldberg (1936) was adopted. The central end of the 
femoral artery was cannulated below the branch to quadriceps. A bull- 
dog clip was placed between this branch and the cannula. For injections 
a second (higher) clip was applied above the branch to the muscle, thus 
momentarily interrupting the cireulation. The lower clip) was then 
removed and the solution rapidly injected. Reapplication of the lower 
clip and removal of the upper one promptly reéstablished the circulation 
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of the muscle. It may be emphasized that only very rapid injections 
succeed in eliciting responses. This limitation renders the method unsatis- 
factory for experiments requiring a comparison of the effeets of several 
successive injections, for the high pressure developed during the rapid 
delivery of the solutions appears to damage the muscle. 

Thus, in only 2 out of 7 animals in which this method was employed did 
a Oth stage of transmission develop. That interference with the blood 


supply to the muscle was not responsible for the usual failure was shown by 


|| 


hig. 1. Changes in the threshold of quadriceps to acetylcholine through a period 
of prolonged indirect stimulation at 60 per sec. A uniform dose of acetylcholine 
307 in 0.3 ce.) was rapidly injected into the femoral artery according to the technique 
of Brown, Dale and Feldberg (1936 The injections were made, first before stimula 
tion, later | min. after interruption of the stimuli. Upper signal: applications or 
interruptions of the stimuli Middle signal: injections. Lower signal: 1-min 
intervals 

A. ‘Test response before stimulation B. Beginning of stimulation of the femoral 
nerve. C to #. Interruption of stimuli, injection, and then reapplication of stimuli 
50, 120 and 165 min. after B, respectively FE. End of stimulation (260 min. after B 
and injection. Gand 7H Injections 20 and 40 min. later 


the appearance of a typical Sth stage in 2 cats in which the complete 
preparation Was made, but no injections were delivered. Finally, in 2 
other cats Ringer's fluid, without acetylcholine, was rapidly injected in 
the usual manner; no Sth stage developed, indicating that acetylcholine 
was not the significant factor in the negative observations. 

Figure | illustrates typieal changes of threshold in a normal quadriceps 
stimulated at 60 per sec. over a period of hours. The decrease of the 


responses to a test dose of acetylcholine injected into the femoral artery 
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during brief interruptions of the stimuli indicates a progressive increase of 
the threshold of the muscle. This record was selected because it was one 
of the two in which the 5th stage developed, although Brown, Dale and 
Feldberg’s technique for injections was employed. For the present pur- 
poses it is important to emphasize that the transition from the 4th to the 
5th stage is not attended by a lowering of the threshold of the muscle to 
acetylcholine. 

That the decrease of the test responses Was hot due to a progressive 
deterioration of the animal or muscle was shown by the recovery which 
took place with rest (fig. 1f to 77). The reliability of the results was fur- 
ther supported by the constaney of the test responses obtained from un- 
stimulated muscles over periods of hours. 

In the experiments made on animals with a previous spinal semisection 
the responses of the sensitized muscles to intra-aortic injections of acetyl- 
choline were complex. Registration of the action potentials of the muscles 
revealed that as a rule these responses were contractures 1L.e., they were 
not preceded by spike potentials. In 3 out of S animals, however, an 
initial contraction, attended by spike potentials, was followed by a more 
prolonged contracture (see Brown, 1937; Rosenblueth and Luco, 1937). 
Both contraction and contracture responses were decreased by prolonged 
indirect stimulation. The results agree, therefore, with those illustrated 
in figure 1. 

The changes of threshold of the superior cervical ganglion during the 
different stages of transmission are fundamentally similar to those which 
take place in muscle —1.e., the threshold is higher during the 5th than it is 
during the 4th stage. Figure 2 illustrates a typical experiment. The 
only difference observed between the muscle and the ganglion was the 
following. In the ganglion the responses to acetylcholine were markedly 
increased at the beginning of the experiments by a brief (2 to 30 min.) 
period of stimulation (ef. fig. 24 and B). No such increase was seen in 
the muscle after a short stimulation at 60 per sec. (fig. LA and C; fig. 3.4). 
The difference, however, is probably only quantitative, for higher fre- 
quencies of stimulation result in an increase of the muscular responses to 
acetylcholine (fig. 3B). In denervated muscles, similarly, a brief tetaniza- 
tion causes increased responses to acetylcholine (Rosenblucth and Luco, 
1937). The importance of the frequency of stimulation upon the post- 
tetanic changes has been emphasized by Feng and his collaborators 
(1938, 1939). 

B. Responses to acetylcholine injected during indirect stimulation. These 
observations were prompted by the following argument. Injections of 
acetylcholine while the nerves are stimulated add a fixed amount of the 


substance to the concentration determined by the output from the nerve 


endings. With knowledge of the changes of threshold gained by the obser- 


Fig. 2. Changes in the threshold of the superior cervical ganglion to acetylcholine 


through a period of prolonged stimulation at 60 per sec. A uniform dose of acetyl- 
choline (30 y in 0.1 ec.) was injected into the tied external carotid, first before stimula- 
tion, later 1 min. after interruption of the stimuli. The lateney of the responses of 
the nictitating membrane was 1.25 seec., indicating a ganglionic discharge. The 
upper horizontal line shows the resting level of the membrane. Upper signal: 
applications or interruptions of the stimuli. Middle signal: injections. Lower 
signal: l-min. intervals. 

A. Test response and beginning of stimulation of the cervical sympathetic. B 
to D. Interruption of stimuli, injection, and then reapplication of stimuli 30, 60 and 
120 min. later, respectively. FE. End of stimulation (240 min. after A) and two 
injections 


Fig. 3. Decrease or increase of muscular contractions to acetylcholine after brief 


tetanization. Upper signal: periods of tentanization. Middle signal: injections of 
acetylcholine (60 y in 0.3 ec.) as in figure 1. Lower signal: l-min. intervals 
1. Frequency of indirect stimulation 60 per sec. B. Frequency 400 per sec 
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vations in section A any other variations in the responses to these injec- 
tions at the different stages of transmission should be due, therefore, to 
variations in the output of acetylcholine by the nerves. 

The effects of acetylcholine on the muscular responses to nerve stimula- 
tion are opposite for the first 3 stages of transmission on the one hand and 
the 4th stage on the other (Rosenblueth and Morison, 1937). While a 
depression ensues during stages 1, 2 and 3, an increase of response is 
obtained during the 4th stage, unless the dose is very large, in which case 
an initial increase is followed by a depression. The effects during the 5th 
stage are qualitatively similar to those in the 4th. Quantitatively the 
augmenting action of acetylcholine was found first to decrease during the 
progressive development of the 4th stage. Toward the end of this stage, 
clearly before the appearance of the 5th phase, the effects of acetylcholine 
increased markedly, and continued increasing while the tension rose during 
the 5th stage. 

Figures 4 and 5 illustrate typical results. The injections were made 
into the aorta, through the cannulated inferior mesenteric artery. Even 
large doses of acetylcholine (up to 1 mgm.), injected in this manner, were 
subliminal for the muscles —1.e., no contraction or contracture ensued when 
the injections were made without coneomitant stimulation of the motor 
nerves. The dose of acetylcholine in figure 4 was relatively small (200y) ; 
only slight depressant effects were therefore elicited. A larger dose (S00y) 
in figure 5 led at the beginning of the 4th stage and, later, in the 5th stage 
to marked depressions. With doses smaller than 200y it was possible in 
several experiments to see an action carly during the 4th stage; this action 
then disappeared entirely for about 1 hour and later reappeared, preceding 
the development of the 5th stage. 

That the increments of tension obtained by acetylcholine administered 
during the 4th and Sth stages of transmission are true contractions in 
response to the nerve volleys was shown by the electrograms of the muscles. 
The muscle spike potentials increased for cach nerve volley as the tension 
increased. Figure 6 illustrates a typical observation. 

In the ganglion the effects of injections of acetylcholine during stimula- 
tion of the cervical sympathetic were complex and not uniform. It was 
diffieult to find a dose which would not activate the ganglhon when in- 
jected outside stimulation and which would increase significantly the 
response during stimulation. The observations were usually made, there- 
fore, with doses which per se had an excitatory effeet. The relative in- 
fluence of this excitatory effect, of the probable facilitating action with 
regard to the preganglionic nerve impulses, and, finally, of the direct 
stimulation of the nictitating membrane could not be recognized in the 
records. As arule an increase of contraction was registered which declined 
in magnitude but became more prolonged as the injections were made 


later during the stimulation period. 
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C. The acetylcholine content of the nerves and ganglia. Several series of 
determinations were made on nerves or ganglia in different experimental 


conditions. The titrations were made mainly on the frog heart. The 


Fig. 4. Augmenting effects of acetylcholine injections (200 7) on the response of 
quadriceps to prolonged indirect maximal stimulation with a frequency of 60 per sec 
Time signal: l-min. intervals. A, beginning of continuous stimulation. B to H: 


injections of acetylcholine 10, 40, 70, 90, 120, 150 and 190 min. after A, respectively 
T, end of stimulation 


Fig. 5. Augmenting and depressing effects of acetylcholine injections (0.5 mgm, 


on the response of quadriceps to prolonged indirect maximal stimulation with a 
frequency of 60 per see Time signal: l-min. intervals 1, beginning of continuous 
stimulation (upper signal) and two injections of acetylcholine (middle signal B 
to FE: injections 10, 30, 50 and 90 min. after A, respectively 


negative inotropic effects recorded are attributed to acetylcholine on the 
basis of several standard tests. “They were abolished by atropine. They 
disappeared when the extracts were made alkaline and heated. The 
titration of the extracts on the eserinized leech muscle was quantitatively 


— 
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the same as that obtained in the frog heart. The extracts were inactive on 
the non-eserinized leech muscle. 

In all cases the titrations were made on pairs of ganglia or nerves, on 
side serving as a control. In excising the ganglia for extraction the pre- 
and postganglionic fibers were cut close to the body of the ganglion. — Equal 
lengths of sciatic nerves were cut out to insure equal masses on the two 
sides for Comparison. 

When it was desired to determine the acetylcholine content during 
stimulation, without any intervening rest period during excision or ex- 


Fig. 6. Electrograms of quadriceps upon injection of acetylcholine (0.3 mgm 
during indirect stimulation at 60 per see. The two series of records were taken fron 
different animals after several hours’ stimulation: the 5th stage was well developed 
in both cases 1, responses before acetylcholine The injection was made betwee 
A and B The records thereafter were taken at about 3-sec. intervals The upper 
series shows the gradual changes which take place and emphasizes that acetylcholine 
reinforces the action of the nerve volleys delivered: the time scale is 10-mseec. inter 
vals The lower series shows responses to individual nerve vollevs spre ad out by a 
rapid sweep circuit; the first excursion is the stimulus artefact: not only do the spike 


potentials merense mm magnitude but their lateney decreases according! 


traction, the ganglia were either frozen in situ with COs snow and ground tp 
while still frozen, or they were dropped into liquid air while still attached 
to the dissected preganglionic fibers and then dropped into absolut 
alcohol. The excised sciaties were ino such cases always frozen with 
liquid: air. 

The results were as follows: 

1. Stimulation of the sciatic, or the ganglion through the preganglioni 
fibers, for 2 to 30 min. at the rate of 60 per sec. caused a decrease of the 
acetylcholine content as compared to the unstimulated or less stimulated 


side if no rest was allowed after stimulation. This decrease was progres 


i 

1 
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sive during the first 10 min. of stimulation. Thus, if one side was stimu- 
lated for 10 min., it contained less acetylcholine than the opposite side 
stimulated for only | min (fig. 7). 


Fig. 7 Fig. 8 Fig. 9 Fig. 10 Fig. 11 


Kig. 7. Decrease of acetylcholine content of ganglia during stimulation. This 
and the succeeding figures show the action of the ganglion or nerve extracts and of 
acetylcholine on the frog heart. The tests were made by adding equal amounts of 
the corresponding extracts, diluted or not, to the heart. For brevity each extract 
will be referred to by its letter in the record. The preganglionic fibers were stimu- 
lated at 60 per sec. for 10 min. on one side (A) and for 1 min. on the other side (B) 
The ganglia were frozen with CO, snow and extracted with equal amounts of eserine- 
Ringer. Cand D, 0.005 and 0.001 y acetyleholine 

Fig. 8. Increase of acetylcholine content of ganglia with stimulation followed by 
rest. The preganglionic fibers were stimulated for 30 min. at 60 per sec. on one side 
and a rest period of 3 min. was then allowed. Both the unstimulated (4) and the 
stimulated (B) ganglia were then excised and extracted with aleohol. C and D, 
0.001 and 0.005 y acetyleholine. 

Fig. 9. Increase of acetylcholine content of the sciatic nerve with stimulation 


Both sides were activated at 60 per sec., one for 2 hours (C), so that the gastrocnemius 
showed a 5th stage, and the other (B) for only 30 min. (4th stage The nerves were 
extracted with equal amounts of eserine-Ringer. A, 0.01 y acetylcholine 


Fig. 10. Increase of acetylcholine content of a stimulated ganglion with rest 
The preganglionic fibers were stimulated on both sides for 5 min. at 60 per see 
The ganglia were frozen with CO, snow, one (D) immediately at the end of the 
stimulation period, the other (C) after 2 min. rest. A and B, 0.005 and 0.001 4 
acetylcholine 

Fig. 11. Greater decrease of acetylcholine content of ganglia when stimulated 
with fast than with slow frequency. Both cervical svmpathetics were stimulated 
for min., one (A) at 60 per sec., the other (B) at 30 per see. Fatigue of the pupillary 
response was marked for A and only slight for B. The two ganglia were frozen 
with CO. snow at the end of stimulation. C and D, 0.001 and 0.005 y acetylcholine 


2. Stimulation followed by a period of rest (2 to 10 min.) resulted, on 
the contrary, in an increase of acetylcholine concentration —1.e., the 
stimulated side yielded more acetylcholine than the unstimulated control 


= 
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(fig. 8). The concentration increased first slowly (up to 30 min. stimula- 
tion at 60 per sec.) and later more markedly (up to 4 hrs. stimulation). 

3. In accord with 2, the ganglia or nerves excised after development of 
the 5th stage contained more acetylcholine than those removed during 
the 4th stage, whether or not a brief rest period was allowed after stimula- 
tion (fig. 9). 

4. In accord with | and 2, if a similar period of stimulation was applied 
to both sides and only one was allowed a rest, the rested side contained 
more acetylcholine than the side extracted without any rest (fig. 10). The 
increase of acetylcholine during rest was gradual. Thus, the differences 
were only slight if 1 min. only was allowed, whereas they were marked if 
excision was made after 2 min. rest. 

5. When the ganglion on one side was stimulated for 10 to 30 min. at 
30 per see. and the other side was stimulated for the same period of time 
at 60 per sec., the latter contained less acetylcholine than the former. 
These results could be correlated with the degree of fatigue developed, as 
indicated by the response of the iris. When the degree of fatigue was 
approximately similar on the two sides the difference in acetylcholine 
concentration was slight or absent. When, as was more common, the 
side stimulated at 60 per sec. fatigued more than that stimulated at 30 
per sec., the difference in acetylcholine content was marked. 

Discussion. The results in section A (fig. 1) show that the threshold 
of muscle to acetylcholine progressively increases over a prolonged period 
of stimulation. In the ganglion, after an initial decrease, a similar pro- 
gressive increase of threshold is encountered (fig. 2). This diminution of 
sensitivity to acetylcholine may partly explain the progressive abolition 
of transmission in an increasing number of elements which is characteristic 
of the 4th stage (fatigue). It is obvious, however, that changes in thresh- 
old to acetylcholine cannot account for the renewal of transmission which 
takes place later, during the 5th stage. 

The changes in acetylcholine content (section C, figs. 7 to 11) brought 
out by any given experimental treatment were parallel in the ganglia and 
in the sciatic nerves—-i.e., a procedure which caused an increased or a 
decreased concentration in the ganglion caused the same change in the 
nerve. Since the acetylcholine determination in the ganglion is mainly that 
of the nerve endings of the preganglionic fibers (see Lissdk, 1939a), it may 


be inferred that the changes reported for the axons in the nerve apply also 
to the motor nerve endings at the muscles supplied by those nerves. 


The mechanism of liberation of acetylcholine at cholinergic nerve endings 
upon the arrival of a nerve impulse is unknown. It is established, however, 
that acetylcholine exists in relatively high concentration within those 
nerve endings (Brown and Feldberg, 1936). It is further very likely that 
as an impulse travels along an axon the wave of depolarization corresponds 


l- 
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to a breakdown of the surface membrane so that it becomes momentarily 


permeable. It may be assumed on the basis of these premises that acetyl- 
choline diffuses out both from the axon (see Lissdk, 1939b; Chang, Hsieh, 
Li and Lim, 1939) and even more freely from the nerve ending, where the 
surface is relatively larger and is non-myelinated, as the nerve is rendered 
permeable by the passage of the nerve impulse. 

According to this hypothesis the output of acetylcholine per nerve 
impuse would vary directly with its concentration at the nerve ending. 
This concentration can be investigated directly for the preganglionic nerve 
terminals, or indirectly, from the concentration in the axons, for the motor 
nerve endings. 

The hypothesis is supported by the agreement found between the results 
in section B (figs. 4 and 5), which give a measure of the acetylcholine 
output from motor nerves at different periods of stimulation, and those in 
section C (paragraphs 1 and 3), which give a measure of the concentration 
of acetylcholine in the nerve fibers. 

The results of section C, interpreted according to the hypothesis outlined 
above, indicate the following changes in the output of acetylcholine from 
the nerves studied. During prolonged stimulation at 60 per sec. the out- 
put per nerve impulse first decreases (ef. Brown and Feldberg, 1936) and 
later increases. A brief rest period at any time during stimulation results 
in a momentarily increased output. 

The decrease of output can be attributed to the inability of the nerve 
to restore its original concentration of acetylcholine in the relatively brief 
time interval separating the successive nerve impulses. Indeed, since a 
brief rest period interposed at any time during stimulation results in an 
inerease of concentration above normal (section C) it is probable that the 
ability of the nerves to produce acetylcholine improves progressively from 
the beginning of stimulation. This improvement explains the late increase 
of output and the appearance of the 5th stage. 

The changes in concentration of acetylcholine outside the nerve endings 

i.e., around the postganglionic elements or at the muscular region of 
the neuromyal junctions— should roughly parallel the changes in output 
per nerve impulse, except at the beginning of a period of stimulation. 
Then, as argued by Rosenblueth and Morison (1937), an accumulation 
should first ensue, if the frequency is high enough so that a previous 
quantum (output per nerve volley) is not fully destroyed when the suc- 
ceeding quantum is liberated. This early accumulation is followed by ¢ 
decrease, when the quanta diminish, as explained above. 

The foregoing interpretation readily accounts for the 5 stages of synaptic 
transmission, within the theory of chemical mediation by acetylcholine. 
The 2nd stage is due to an excess and the 4th to an insufficiency of acetyl- 
choline liberation (Rosenblueth and Morison, 1937). The 4th stage is also 
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due to an increase of threshold of the postsynaptic element (figs. 1 and 2). 
During the Ist, 3rd and 5th stages the output of acetylcholine is above 
threshold and below the paralytie range. The sequence of the first 4 
stages is due to the adjustment at the beginning of stimulation between the 
rate of formation of acetylcholine in the nerves and the rate of output. 
The transition from 4th to 5th is due to an increase in the ability of the 
nerve to produce acetylcholine. Then an injection of acetylcholine, 
stimulating in the 4th stage, may be a depressant in the 5th (see fig. 5). 

In so far as all the data fit satisfactorily with the chemical theory of 
synaptic transmission, they support this theory. A more direct support 
would seem to be provided by the action of acetylcholine illustrated in 
figure 6. Lorente de N6 (1935) showed that subliminal electric stimuli 
could add their effects to those of subliminal nerve volleys impinging upon 
the oculomotor neurones and argued therefrom that the two influences 
should act in a similar manner. Figure 6 shows subliminal doses of acetyl- 
choline adding their effects to those of subliminal nerve impulses in muscle 
Should it be argued that the two influences are identical in nature here, and 
that synaptic transmission is therefore electric in the oculomotor neurones 
but chemical in striated muscle? It is not indispensable that influences 
which sum should be identical. Until a more ample knowledge of the 
interrelations between electrical and chemical activation of excitable 
structures is available no answer is possible to the questions raised. 

Throughout this discussion the presence of acetylcholine in nerve fibers 
has been considered merely a convenient indicator of the similar presence 
at nerve endings. Its functions as a synaptic transmitter have been em- 
phasized. The question arises whether acetylcholine may not be con- 
cerned with conduction in the axon. Indeed, von Muralt (1939) has 
suggested that an ‘ 
duction. The evidence available does not favor this view. Adrenergic 
nerves, which contain no acetylcholine (Lissik, 1939a) conduct as well as 
cholinergic fibers. Cholinergic fibers in Wallerian degeneration have 
normal conduction at a time when their acetylcholine content is much 
reduced (Rosenblueth and Dempsey, 1939; Lisssik, Dempsey and Roset- 
blueth, 1939). 


‘acetylcholine-like” substance does play a réle in con- 


SUMMARY 


The threshold of skeletal muscle (cat’s quadriceps) to acetylcholine 
increases reversibly in the course of prolonged indirect stimulation (60 pei 
sec.; fig. 1); that of the superior cervical ganglion first decreases and lates 
increases (fig. 2). 


The inerements of muscular response to indirect activation produced by 


subthreshold doses of acetylcholine first decrease and later inerease during 
prolonged stimulation (figs. 4 and 5). These increments are true contrac- 
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tions, since they are attended by increased muscular spike potentials timed 
with the nerve volleys (fig. 6). 
The acetylcholine content of the sciatic and the superior cervical gan- 


glion first decreases and later increases in the course of prolonged stimula- 


tion (fig. 7, p. 40). A brief rest period after such stimulation results in 
an increase of acetylcholine concentration (p. 40). 

On the basis of these results the 5 stages of transmission in the ganglionic 
and neuromuscular synapses can be explained by changes in the output 
of acetylcholine from the presynaptic nerve endings (p. 42). 
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The precocious failure of transmission of nerve impulses in the course of 
Wallerian degeneration of cholinergic nerve fibers has been recently at- 
tributed a, to an early degeneration of the nerve endings (Titeca, 1935); 
b, to a decrease of acetylcholine liberation (Coppée and Bacq, 1938); 
c, to heterochronism (Chauchard, 1939), and d, to a failure of conduction 
in the nerve fibers (Rogers and Parrack, 1939). The contradictions of 
fact and of inference involved in these four interpretations prompted the 
present study. 

Meruops. Cats were used. The transmission of motor nerve impulses 
from the popliteal nerve was followed by recording the contractions of the 
muscles attached to the Achilles tendon. 

One or both sciaties were cut aseptically at the hip under ether anes- 
thesia, care being taken not to damage the blood supply of the nerves. 
The experiments were carried out 24 to 101 hours later under dial anes- 
thesia (Ciba, 0.75 ec. per kgm. intraperitoneally). Thirty animals were 
studied; the 21 included in table 1 were those in which mechanograms were 
obtained. 

For recording muscular contractions one or both Achilles tendons were 
freed and attached to tension myographs. The legs were fixed by drills 
inserted into the tibiae. The muscles pulled against thick rubber bands. 
Contractions appear in the records as upward excursions of the tracing. 
The magnification was about 8-fold. The popliteal nerves were stimulated 
through shielded silver wire electrodes placed a few millimeters below the 
cut. 


The nerve action potentials were recorded in some cases diphasically 
from the nerve in situ by means of another pair of electrodes placed periph- 


erally, about 4 cm. from the stimulating pair. More commonly the 
behavior of the nerves was studied in a moist chamber, after excision. A 
detailed report of some properties of these nerves is published separately 
(Rosenblueth and Dempsey, 1939). In the present paper only such fea- 
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tures as are of importance for the problem of transmission will be men- 
tioned. 

For single-shock stimulation condenser discharges were used. When 
repetitive stimulation was applied the condenser discharges were led to the 
primary coil of a transformer. The nerves received the diphasic output of 
the secondary coil. The frequency was regulated by a thyratron tube, con- 
trolled by alternating current. 

The electric responses were led to a 5-stage capacity-coupled amplifier 
and recorded from a cathode-ray oscillograph. 

The extraction of acetylcholine from the nerves was made according to 
the eserine-Ringer heating method described by Loewi and Hellauer (1938). 
The titration of the dialyzed extracts was made on the frog heart. The 
purpose of these titrations was mainly to determine the relative content of 
acetylcholine—1i.e., the comparison of the experimental and the control 
nerves rather than the absolute figure for the contents of acetylcholine. 

For this reason the results will be expressed as ratios between different 
pairs of nerves and not as y of acetylcholine per gram of nerve tissue. 

Resutts. A. Neuromuscular transmission. The study was systema- 
tized by analyzing the different stages of transmission described by Rosen- 
blueth and Luco (1939). When a motor nerve is stimulated with a high 
frequency the muscular tension follows a characteristic sequence. The 
initial rise (Ist stage of transmission) is promptly succeeded by a fall (2nd 
stage), and this in turn by another rise (3rd stage, ef. fig. 1). If the 
stimulation is prolonged a slow fall will then occur (4th stage, fatigue) 
until the muscular response becomes practically negligible if the frequency 
is adequate. The 4th stage is followed by a delayed terminal rise of ten- 
sion which indicates renewed transmission (5th stage, see fig. 2). The 
properties of the neuromuscular synapses are the same during the Ist and 
3rd stages; only very high frequencies will elicit the appearance of the 2nd 
stage in normal muscles (Rosenblueth and Morison, 1937). With lower 
frequencies the Ist and 3rd stages merge into each other and are indis- 
tinguishable. 

Stimulation of degenerated nerves with single shocks (indicative of the 
Ist stage of transmission) led to the following results. From 24 to about 48 
hours of degeneration the responses of the operated and the normal control 
muscles were the same. After 48 hours the twitches from the degenerating 
nerve became increasingly smaller as time progressed. No responses to 
single shocks were usually encountered after about 80 hours of degenera- 
tion, although repetitive stimulation (about 100 per sec.) sometimes elicited 
slight responses in these conditions. 

Upon high frequency stimulation (about 400 per sec.), the 2nd stage of 
transmission was only slight in 24-hour degenerated systems and was 
absent after 48 hours of degeneration (fig. 1). 
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The optimum frequency for the appearance of the 5th stage is about 60 


per sec. (Rosenblueth and Luco, 1939 Prolonged stimulation of 24-hour 


degenerated nerves with this Prequency resulted in the developmi nt ofa 


practically normal 5th stage. In all the animals tested after 30 hours o1 
more. ol degeneration, however, no Sth stage developed with periods ol 
stimulation up to 6 hours (fig. 2 


The ith stage Was studied by two methods In one series ol exper 


ments the nerves were stimulated at 60 per sec. and the rate of fall of ten 


Fig. 1 Fig. 2 


Fig. 1. Karly disappearance of the 2nd and 3rd stages of neuromuscular trans 


mission during degeneration Records from the Achilles-tendon muscles on bot! 


sides. Stimulation for 30 seconds of both popliteal nerves at the rate of 4000 per 


second. Upper tracing: normal control; Ist, 2nd and 3rd stages. Lower tracing 


sciatic cut 48 hours: the Ist stage is immediately followed by the 4th, as shown by the 
absence of the 3rd Time signal: 30 seconds 

Fig. 2. Early disappearance of the 5th stage of neuromuscular transmission during 
degeneration. Reeords as in figure 1.) Seiatic cut 30 hours (lower tracing Cor 
tinuous stimulation at the rate of 60 per second ime signal: | minute 


A. First 25 minutes of stimulation 


B. Development of the 5th stage in the normal side 100 minutes after | 


of stimulation. 


s1on succeeding the initial rise on the operated side Was compared with the 
rate of the Opposite normal control side These experiments showed no 
difference in the time course of the 4th stage up to 24 hours of degeneration 
With longer degeneration (fig. 2) the fall of tension became increasingly 
more prompt and steep, so that complete fatigue took place SOoOne! 

In a second series of experiments brief periods of stimulation (30 to 60 
sec.) at Increasingly higher frequencies (80 to 400 per see.) were applied 


to the normal and degenerated nerves. The results were the following 
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Even in 24-hour degenerated nerves, although relatively low frequencies 
(up to 120 per sec.) showed no deficiency of transmission as compared to 
the normal, high frequencies (200 per sec. or more) revealed a fatigability 
more marked than normal (fig. 3). With longer periods of degeneration 
the difference between the two sides was apparent with progressively 
lower frequencies (cf. figs. 3 and 4). 


The increased fatigability of transmission of impulses from degenerating 


nerves Was shown not only by the deficiency observable during stimulation 


Fig. 3 Fig. 4 

Fig. 3. Deficiencies of transmission from a popliteal nerve cut 24 hours (lower 
tracing) as compared to the normal (upper tracing) when stimulated maximally at 
high frequencies. Time signal: 30 seconds. Reeords from the Achilles-tendon mus- 
cles on both sides. A to D, 60, 100, 200 and 300 per second, respectively. Up to 100 
per second the muscular responses are equally sustained. At higher frequencies the 
tension decays more rapidly on the operated side 

Fig. 4. Slowed recovery from fatigue after 48 hours of degeneration fecords as 
in figure | Time signal: 30 seconds. A to D, maximal stimulation of the nerves 
at the rates of 30, 69, 120 and 30 per see ond, respectively After each period of stimu- 
lation a 90-second rest was allowed 


but also by much delayed recovery during rest. A very slow recovery was 
prominent in all the experiments made on nerves cut over 48 hours. — Fig- 
ure 4 illustrates a typical instance. In several observations on 3-day de- 
generated nerves a few small responses were obtained at the beginning of 
the experiments; further stimulation, even after 30 to 60 minutes’ rest, did 
not produce any recordable muscular contraction, 

The results in this section may be summarized as follows (see table 1). 
The first feature to disappear during degeneration is the 2nd stage of 
transmission. It is seriously impaired after 24 and totally absent after 48 


. 
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hours (fig. 1). The 5th stage is likewise absent after about 30 hours (fig. 
2). The Ist stage—i.e., the presence or absence of any transmission 


TABLE 1 
Changes in neuromuscular transmission, tn acetylcholine content and in the magnitude 


of the composite spike potential (of A fibers) during degeneration 


The column headed ‘‘hours’’ indicates the time of degeneration. The columns 
marked Ist, 4th and 5th refer to the corresponding stages of transmission. The Ist 
stage was estimated by comparing the height of single maximal twitches on the 
degenerating side with that of the normal side; the signs indicate: =, approximate 
equality ; -, 50 to 80 per cent; , 10 to 50 per cent; , less than 10 per cent; 0, 
no response. Fatigability (4th stage) was estimated by time to 4 decay of response 
during stimulation at 60 per second; the signs -, - and indicate approxi- 
mately 60, 20 and 10 per cent, respectively, time for decay on the degenerating as 
compared to the normal side. The signs = and 0in the column for the 5th stage indi- 
cate the appearance or the absence of this stage after prolonged stimulation at 60 
per second. In the column for acetylcholine content (ach.) the concentration in the 
degenerating nerve is referred to that in the normal control as follows: —, 50 to 80 
per cent; , 10 to 50 per cent. The figures in the column for spike-potential 
magnitude (sp. pot.) indicate the height of the monophasic spike recorded from the 


excised degenerating nerve stimulated maximally at the central end, expressed as 
per cent of the normal control stimulated similarly. 


HOURS Ist 4TH 5TH 


24 
24 
30 
39 
18 
48 
48 


begins to fail for some of the junctions in the muscles about 48 hours after 
the degenerative cut; at 72 hours some of the impulses as a rule are still 
transmitted; after 96 hours of degeneration only exceptionally is any trans- 


ACH. SP. POT, 

= 0 

0 
102 
100 
100 
18 0) 97 
18 
18 74 

49 0 
53 
64 79 
69 0 0 39 
72 74 
72 0 34 
0 0 
77 30 
77 60 
79 0 18 
0 10 

! 
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mission detectable. As regards the 4th stage, already 24 hours after the 
cut, a greater than normal fatigability increases with time and is evident 
not only by the deficient responses to stimulation but also by a slow 
recovery (fig. 4). 

B. The correlation between the nerve action potentials and transmission. 
As indicated under “methods,” in the majority of the animals the nerve 
action potentials were recorded either from the nerves in situ simul- 
taneously with the muscular responses or after excision of the nerves. 
Titeca’s (1935) observations were readily confirmed, that transmission at 
the synapses fails before conduction in the nerve. Thus, in the 3-day de- 
generated animals transmission was usually seriously impaired, while the 
spike potentials of the A fibers were only about 30 per cent smaller than 
the normal. And in the 4-day animals, in which transmission was as a 
rule totally absent, sizable A spike potentials could be recorded (table 1). 
It is therefore difficult to understand Rogers and Parrack’s (1939) report 
that transmission fails when the nerve action potentials cease. 

The lack of correlation between transmission and axon conduction ex- 
tended to other features than the spike potential magnitude. Thus, the 
48-hour degenerated nerves, stimulated at frequencies less than 200 per 
sec., behaved in all respects like the normal controls (see Rosenblueth and 
Dempsey, 1939), whereas transmission of their impulses was already 
markedly deficient, as described in the preceding section. Similarly, 
while only a slightly greater than normal fatigability of conduction was 
present in the 72-hour degenerated nerves (Rosenblueth and Dempsey, 
loc. cit.), the fatigability of transmission was extreme (p. 48). 

C. The acetylcholine contents of the nerves. Both the peroneal and poplit- 
eal nerves were separately excised on the two sides. One of each pair 
of nerves was a control to which the other was compared. The length was 
adjusted so that equal weights resulted on the two sides. The nerves were 
extracted with equal amounts of fluid. The titrations determined, there- 
fore, the effects of equal weights of nerves. The disturbing effect of the 
edema which develops during degeneration will be considered in the dis- 
cussion. Three series of comparative determinations were made 

?. The acetylcholine content of resting degenerated nerves decreases 
with time. These determinations were carried out mainly on peroneal 
nerves. Popliteal unstimulated nerves yielded similar, although quanti- 
tatively less striking results. The difference from the normal was neg 
ligible at the end of 24 hours; it beeame measurable (25 to 50 per cent less 
acetylcholine in the degenerated nerve) at 48 hours; and it was very strik- 
ing (up to 90 per cent less than normal) between 30 and 100 hours. — Figure 
5 illustrates typical results. 


A decrease of acetylcholine content was measurable, therefore, at a time 
when conduction was normal in the nerves. Unlike the decline of magni- 
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tude of the A spike potential, the decrease of acet yvicholine Was correlated 
in time with the deficiencies of transmission (table 1 

it. The acetylcholine content of degenerating nerves stimulated with a 
given frequency over a given period of time is less than that of normal con- 
trol nerves treated in the same fashion. “The results were similar to those 


Fig. 5. Decrease of acetvileholine content during degeneration (60) hrs Ree 
ords from the frog heart The popliteal nerves (normal and degenerating) were 
stimulated at 60 per second for 280 minutes. After 5 minutes’ rest they were excised 
for extraction. The unstimulated peroneals were likewise excised Phe dialyzed 
extracts correspond to 14.5 mgm. of nerve per cubie centimeter for the popliteals and 
Smgm. per cubic centimeter for the peroneals 

A, 1 cee. normal popliteal extract; B, Oly acetylcholine; C, 1 ce. degenerating pop 
liteal extract: D, O.1y acetylcholine: ee. normal peroneal extract: 


tvicholine; G, lec. degenerating peroneal extract; 0.05, acetylcholine 

described above for unstimulated nerves (fig. 5 No significant quanti 

tative differences were detected between the two series of observations 
i. While in normal nerves prolonged stimulation followed by a few 

minutes of rest results in an increase of acetylcholine content (Rosenblueth 


LissAk and Lanari, 1939), a similar treatment of degenerating nerves (48 
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hours or more) does not result in any change of the concentration of 
acetylcholine. 

These observations were made in animals in which both sciatic nerves 
had been cut. Pwo to four days later one of the nerves was stimulated 
for 2 to 4 hours at 60 per sec. After 2 to 5 minutes’ rest the nerves wer 
excised and extracted for titration. The acetylcholine concentration was 
found equal on the two sides. 

1). Tnje clions of ace tylcholine. The Injections were made into the aorta, 
through the cannulated central end of the inferior mesenteric artery. 
The effects on the normal and on the degenerating side could thus be simul- 
taneously recorded. 

The threshold of the muscles to acetylcholine, which is well known to be 
much decreased by denervation, was not found significantly lower than the 
normal up to 48 hours after cutting the nerves. On the third day of de- 
generation, on the other hand, a clearly lowered threshold could be ob- 
served —i.e., a dose of acetylcholine could be injected which evoked a con- 
tracture on the operated and had no influence on the normal side. 

As shown by Rosenblueth and Morison (1937), acetylcholine decreases 
the responses of muscles to stimulation of normal nerves when injected 
during the first three phases of transmission. On the other hand, acetyl- 
choline increases the muscular response to nerve stimulation during the 
4th stage. 

The action of acetylcholine during stimulation of degenerating nerves 
(2 to 4 days) was almost exclusively depressant. Only exceptionally was 
any increment of response observed, regardless of the stage of transmission 
at which several doses were administered. The depressing effects were 
quite prominent. Doses too small to produce any change of response in 
the normal muscle could elicit marked falls on the operated side. 

Discussion. Previous studies of transmission during Wallerian de- 
generation have mainly followed the gross criterion of presence or absence 
of response to single shocks or to faradic (about 90 per sec.) stimulation of 


the nerves for short periods. Thus, in Coppée and Bacgq’s study on the 


superior cervical ganglion mention is only made of the effects of single 
shocks and of a frequency of 3.33 per sec., applied for 2 minutes to the 
eut cervical sympathetic. It is probably the broad criterion adopted which 
has led to the tacit or explicit view that impairment of synaptic trans- 
mission is sudden. 

In Titeea’s (1935) report that conclusion is reached, although it is 
stated that the effects of different frequencies were systematically investi- 
gated at various times of degeneration.  Titeea’s conclusion follows his 
results, but these results are unexplainably discrepant from the present 
observations. For example, Titeca states that transmission is totally 
absent from cat's seiaties degenerated 48 hours. In the present study, 
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muscular contractions were elicited in all 13 cats (9 of which are included 
in table 1) examined after 48 to 64 hours of degeneration. Indeed, in 
some of these animals the maximal twitches were fully as large as those of 
the normal control muscle (see table 1). Furthermore, up to 77 hours after 
the degenerative cut some animals still exhibited transmission (table 1) 

The present data (section A, figs. 1, 2, 3 and 4) strongly emphasize that 
the impairment of transmission in the course of Wallerian degeneration is 
gradual. Proper exploration reveals a deficiency already 24 hours after 
the cut (fig. 3). This deficiency becomes increasingly greater, and total 
loss of transmission at about the third day is only a terminal step in a pro- 
gressive process. The gradual course of the decay of transmission in Wal- 
lerian degeneration is in sharp contrast with the sudden cessation of ex- 
citability and conduction in the axons (Rosenblueth and Dempsey, 1939). 

This difference in the events concerned with conduction of impulses in 
degenerating nerves and those concerned with the transmission of such 
impulses is a strong argument against the theories, mentioned in the 
introduction, which attribute the cessation of transmission to the stop of 
conduction. The theory that lack of muscular response is due to failure 
of conduction in the motor axons (Rogers and Parrack, 1939), can be im- 
mediately discarded as erroneous. The observations of Titeca (loc. cit.), 
those of Coppée and Bacq (1938), and the present data (section B, table 
1), all agree in showing that neuromuscular transmission stops before con- 
duction in the corresponding axons. 

Against Titeca’s view, that failure of transmission is due to failure of 
conduction in the nerve endings, are the data reported by Rosenblueth 
and Dempsey. Those data led to the inference that the fine, myelin-free 
nerve terminals should probably be the last region of the axon to degener- 
ate —both because degeneration is faster in thick, myelinated fibers than 
in non-myclinated elements and because degeneration follows a centrifugal 
course (Parker, 1933). 

Chauchard (1939) attributes failure of transmission at the superior 
cervical ganglion during degeneration of the preganglionic fibers to hetero- 
chronism—i.e., to an increased chronaxie of the postganglionic elements. 
It appears unlikely that transmission should fail because of some change 
in the innervated element rather than a change in the degenerating nerve. 
In support of his interpretation Chauchard reports that acetylcholine, 
eserine and pilocarpine, which, according to his data, decrease the chro- 
naxie of the postsynaptic elements, are capable of restoring conduction. 
The action of pilocarpine on the superior cervical ganglion has not been 
studied in detail previously, nor does Chauchard report such a study. 
The favorable effects of acetylcholine and eserine, on the other hand, may 


be accounted for in terms of the chemical theory of synaptic transmission. 
A sufficient addition of acetylcholine to the subthreshold amount released 
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by the degenerating nerves could render chemical transmission effective 
Similarly, protection of acetylcholine by eserine could allow the accumu- 
lation of the amounts released by subsequent nerve volleys until threshold 
would be attained. 

It now remains to be seen whether Coppée and Bacq’s (1938) theory 
of the decline of acetylcholine output during degeneration (see MacIntosh, 
1938) is applicable to the case of neuromuscular transmission. Some in- 
troductory comments on the methods used here are, however, necessary. 

Degenerating nerves are edematous (Rosenblueth and Dempsey, 1939). 
This edema would tend to diminish the concentration of acetylcholine 
when the determinations are made on the basis of weight, as was the case 
here (table 1). It may be mentioned, however, that the results reported 
(section C) were only slightly modified in quantity, not in quality, if the 
acetylcholine content was calculated per unit length of nerve, instead of 
per unit weight. The early decrease of acetylcholine concentration during 
degeneration is therefore a fact on either basis of comparison with the nor- 
mal controls. 

The three following assumptions are necessary to apply the data to the 
problem of transmission: a, that the acetylcholine content of axons gives 
information on the acetylcholine concentration at the nerve endings; b, 
that the acetylcholine output per nerve impulse at the nerve endings varies 
with the concentration of acetylcholine therein; c, that acetylcholine 1s 
either the chemical transmitter or at least an indispensable factor for 
transmission. 

Assumption a is justified by experimental data (see Rosenblueth, 
Lissik and Lanari, 1939). Assumption b appears reasonable, although it 
lacks direct experimental background. Assumption c¢ is indispensable for 
any dicussion of the theory in question. Coppée and Bacq’s (1938) 
statement that their conclusions do not imply a definitive rejection of elec- 
trical transmission at the ganglion is questionable. Unless acetylcholine 
is indispensable for transmission failure to transmit cannot be attributed 
to lack of acetylcholine. 

On the basis of these assumptions, the data favor the view that the 
deficiency of transmission of motor nerve impulses during degeneration is 
due to a lack of acetylcholine, as follows. There is a parallelism between 
the decrease of acetylcholine and the impairment of transmission (table 
1). The fall of tension during the 2nd stage of transmission has been at- 
tributed to an excess of acetylcholine (see Rosenblueth and Morison, 1937). 
The early disappearance of the 2nd stage during degeneration (fig. 1) fits, 
therefore, with the concept of a decrease of acetylcholine output. 

The 5th stage is probably due to an increase in the output of acetyl- 
choline after prolonged stimulation (Rosenblueth, Lissik and Lanari, 
1939). The early disappearance of the 5th stage during degeneration (fig. 
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2) is in accord with the inability of degenerating nerves to increase their 
acetylcholine concentration after prolonged stimulation (p. 51). 

The 4th stage is caused by a decrease of the acetylcholine output during 
rapid stimulation (Rosenblueth and Morison, 1937). The greater than 
normal fatigability of transmission from degenerating nerves (figs. 3 and 
4) is thus likewise in harmony with the theory under discussion 

All the results reported in section A are therefore readily explained by the 
assumption that degenerating cholinergic nerves lose in the course of de- 
generation the property of elaborating acetylcholine. The results in sec- 
tion D, on the other hand, fail apparently to support this assumption. — If 
transmission were deficient mainly because of insufficient liberation of 
acetylcholine it would be expected that the injection of adequate doses of 
the substance should restore that deficiency. Such injections, however, 
led usually to further depression of transmission (p. 52). This discrep- 
ancy may not be eliminated at present. Although a depressing action of 
acetylcholine on muscle is well established the mechanism of this depression 
is entirely unknown. It is possible (cf. p. 52) that the threshold for the 
depressing action of acetylcholine arriving at the muscle by the arterial 
route becomes so low after section of the motor nerve that the stimulating 
effect at the synapses is masked. But such an explanation for the data in 
section D is mere speculation. This difficulty of interpretation is appar- 
ently not encountered in the superior cervical ganglion, where Chauchard 
(1939) commonly saw restoration of transmission by acetylcholine, as 
mentioned before. 


SUMMARY 


Wallerian degeneration of cat’s motor nerves results in a progressive 
failure of transmission. Significant changes in the 2nd (fig. 1), 4th (figs 
3 and 4) and 5th (fig. 2) stages of neuromuscular transmission may be seen 
24 to 48 hours after the degenerative cut. Total failure of transmission 


(about 3 days) is only a terminal step in a gradually decaying process (p. 
53). 


Failure of transmission precedes stop of conduction in the degenerating 
axons (p. 49). This observation confirms Titeca’s (1935) and is in con- 
tradiction with that of Rogers and Parrack (1939). 

Several theories for deficient transmission are discussed (p. 53). The 
assumptions are stated (p. 54) which are implicit in Coppée and Bacq’s 
(1938) suggestion that failure of transmission in the superior cervical 
ganglion is due to a decrease of acetylcholine output from degenerating 
preganglionic fibers. 

This theory is accepted as the most likely for degenerating motor nerve 
fibers. Such fibers have a decreased acetylcholine content (fig. 5). The 
decrease of acetylcholine can be correlated with the progressive decay of 
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transmission (table 1). The effects of injections of acetylcholine (p. ! 
however, are apparently discrepant with the theory (p. 54). 
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The fact that ovulation normally occurs in the rabbit only as a result 
of coitus or intense sexual excitement suggested (Brambell and Parkes, 
1932; Bellerby, 1934) that ovulation is the result of a reflex activation 
of the hypophysis. Recent experiments lend support to the theory that 
certain gonadotropic functions of the pars distalis of the rabbit’s hypophysis 
are under nervous control. Marshall and Verney (1936) were able to 
produce ovulation in the rabbit by strong electrical stimulation of the 
head and spinal cord. Westman and Jacobsohn (1937) found that this 
type of stimulation does not result in ovulation following transection of 
the hypophysial stalk. Brooks (1937, 1938) demonstrated that tran- 
section of the stalk in female rabbits does not prevent mating but that 
thereafter ovulation never occurs as a result of coitus. Various chemical 
substanees which cause ovulation when injected into the normal female 
fail to do so after the hypophysial stalk has been severed (Beadenkopf, 
Bojar and Brooks, 1939). In ali of these instances failure of the ovula- 
tion-producing mechanism following stalk transection appears to be due 
simply to interruption of the hypothalamico-hypophysial nerve pathway 
but the effect might conceivably have been due to extensive injury of the 
hypophysis at the time of operation. 

Harris (1937) and Brooks (1938) have reported that histological ex- 
amination of the pars distalis following stalk section reveals changes 
which may be due to partial degeneration of the various cellular elements. 
The functional significance of such abnormalities is difficult to estimate. 
It was observed by Brooks (1938) that after stalk section the ovaries as 
a rule show no marked retrogressive changes. Follicles mature to such 
a degree that ovulation can readily be produced by the injection of a 
quantity of pregnancy urine extract just sufficient to cause ovulation in 


1 A preliminary report of this work was published in the Proce. Am. Physiol. Soc., 
This Journal 123: 5, 1938, and in the Proc. of the Internat. Physiol. Congress, Zurich, 
1938. 
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a normal rabbit (Bojar, Beadenkopf and Brooks, 1939). The rabbits 
frequently mate and show no readily detectable indications of hypophysia 
abnormality. More direct evidence is needed, however, before one can 
judge whether or not the pars distalis of the stalk-eut rabbit is capable of 
producing or storing normal amounts of gonadotropic substances. 

Two types of experiment were undertaken as a means of testing thi 
effect of stalk transection on the functional activity of the hypophysis 
First, the normality of the testes of stalk-cut male rabbits was tested by 
observing whether motile spermatozoa were produced and by determining 
the ability of the animals to impregnate normal females. The functiona! 
activity of the interstitial cells was judged on the basis of histological 
examination of the secondary sex structures and of the cells themselves 
By means of such tests some knowledge of the output of luteinizing (L.H. 
and of follicle-stimulating (F.S8.H.) hormones from the hypophysis was 
obtained. The second method used was that of measuring the degre: 
of hypophysial injury by assaying and comparing the glands of normal 
and stalk-cut rabbits for their content of follicle-stimulating and ovula- 
tion-producing or luteinizing substance. 

Metuops. The sub-temporal approach to the hypophysial stalk was 
employed (Brooks, 1938). The animals were kept for periods of from 
2 weeks to 18 months after operation before the gonadotropie hormone 
content of their glands was assayed. Mating responses of both males 
and females were tested frequently. After coitus vaginal smears were 
examined for spermatozoa. The testes from the males were studied his- 
tologically. The glands were either fixed in formol-Zenker fluid, sectioned 
and stained with hematoxylin and eosin or were formalin-fixed, frozen, 
sectioned and stained with Sudan III. Stalk-cut females were occasionally 
subjected to laparotomy and it was found that none of them ovulated 
following coitus. When these animals were autopsied and the hypophyses 
removed for assay the ovaries, uterus and other organs were examined 
grossly. In some instances a histological study of the tissues was 
also made. 

Assays of the hypophysial hormones were conducted as follows. The 
animal was anesthetized with ether and the hypophysis removed, weighed 
and the remnants of the degenerated neurohypophysis freed from the 
anterior portion of the gland. No effort was made to separate the pars 
intermedia from the pars distalis. The term anterior lobe, as used in 
this paper, refers, therefore, to the pars distalis plus the pars intermedia. 
Portions of a few of the glands were fixed, sectioned and stained. The 
remaining tissue after again being weighed, was ground up with pulverized 
sand and suspended in 0.9 per cent NaCl. This mixture was thoroughly 
shaken and then centrifuged, the supernatant fluid being used in the 
assays (Wolfe and Cleveland, 1931-32). 
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The mouse-uterus test as deseribed by Levin and “Tyndale (1937) was 
mployed in the assays of the follicle-stimulating hormone. [It was modi 
fied to the extent that the material was injected in five equal doses instead 
of three equal doses over a three day interval. The glands of 9 normal 
ind 10 stalk-cut females, 8 normal and I) stalk-cut males were assayed 
for FUS.H. In assaying the L.H. content of the glands we used either of 
two methods: The production of ovulation in) the normal female rabbit 
or the elicitation of premature ovulation or luteinization in 30 to 40 day 
old female mice. The former method was used to test the LH. content 
of the anterior lobes of 11 stalk-cut rabbits (5 females and 6 males) sand 
10 normal rabbits (6 females and 4 males The latter test was applied 
to the glands of 7 stalk-cut rabbits (4 females and 3 males) and 6 norma! 
rabbits (8 females and 3 males). Phe mouse tests for the luteinizing 
hormone were, however, less sntisfactors than the rabbit ASSaVS The 
glands of 4 normal rabbits (2 females and 2 males) and 4 stalk-cut animals 
(2 females and 2 males) were assayed for both FoS.H. and LW. (rabbit 
test). The anterior lobes of a few preparations were sufficiently large 
to permit histological study as well as assay. Histological studies sand 
PS.H. and L.A. (rabbit test) assays were made of the individual glands 
of two normal females and two normal males, one stalk-cut female and 
one stalk-eut male. The glands of four additional stalk-cut animals wer 
used chiefly for histological purposes but sufficient tissue remained to 
permit a partial assay of each and thus some indication of the PUSH and 

L.H. content was obtained. 

An attempt was made to obtain, as controls, glands which had been 
deprived of their major sources of blood supply. In four rabbits the 
hypophysial portal system was destroyed by transection of the stalk and 
in addition the small arteries which pass directly from the circle of Willis 
to the hypophysis were occluded and severed. The brain was. lifted 
slightly to make sure that no vascular connections between the brain and 
hypophysis remained. The arterial branches which pass from the internal 
carotid arteries and supply the posterior portions of the gland (Wislocki 
and King, 1936) were not injured by this procedure 

Resuuts. Males. The hypophysial stalk was cut in 14 male rabbits 
All but two of these animals mated shortly after the operation. In each 
case the sperm liberated were active. Within a month following stalk 
section a few of these animals lost their desire to mate. Others showed 
a diminution of sexual aggressiveness and no active sperm were found 
following the matings which did occur. Six of the fourteen continued 
to mate whenever females were placed with them. Active sperm were 
liberated and when normal females were used in the mating test they 
frequently became pregnant. Two of these stalk-cut males were kept 


for six months and two for twelve months Although these animals 


f 
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Fig. 1. A. Seminiferous tubules and interstitial cells in testis of rabbit 2 


months 
after transection of the hypophystial stalk 

B. ‘Vestis of an animal obtained 6 months after stalk transection 

(. Testis preparation obtained 8 months after the hypophysial stalk had been 
transected 

D. Higher magnification of gland shown in ©. Oil immersion 

EF. Seminiferous tubule showing spermatozoa and late stages of spermatogenesis 


Stalk-cut. Oil immersion 


FE. Spermatozoa in seminiferous tubule of rabbit ten months after stalk transeec- 


tion. Oil immersion 
G. epididymis and mass of spermatozoa. Rabbit two months after stalk transee- 


tion. Oilbimmersion, Spermatozoa of this animal were motile 
H. Vas deferens filled with spermatozoa, 6 months after the hypophysial stalk 
had been transected. This animal produced motile spermatozoa 
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may have suffered some decrease in libido they did mate frequently and 
at autopsy normal sperm were found thus indicating that a high degree 
of hypophysial activity remained. 

A study of the formol-Zenker-fixed testes of 9 of the 14 stalk-cut animals 
showed that the males which had lost their mating drive did have small 
degenerate testes in which no spermatids or spermatozoa could be found. 
The testes of the stalk-cut males which continued to mate were practically 
normal; they at least contained many normal seminiferous tubules. As 
shown in figure 1 all stages of spermatogenesis could be found and sperma- 
tozoa were numerous in the seminiferous tubules as well as in the efferent 
ducts of the testes. Also normal interstitial cells were present in’ the 
testes of active stalk-cut animals but were hard to find in the glands of 
the sexually inactive males. 

Testes from 2 normal animals and from 10 of the 14 stalk-cut rabbits 
were fixed in formalin, sectioned and stained with Sudan III. Extensive 
degenerative changes were found to have occurred in the testes of those 
animals which refused to mate or which gradually lost their libido. The 
glandular interstitial cells had been largely displaced by connective tissue 
and the seminiferous tubules contained vacuoles and large fat droplets. 
These degenerative changes had begun to appear in deficient stalk-cut 
rabbits within a week after operation and apparently reached their maxi- 
mum within one or two months. Inactive animals killed at a later date 
showed no greater degree of change. All the testes of stalk-cut males 
which were studied in this way showed certain changes indicative of 
abnormal function. The interstitial cells were less numerous and the 
connective tissue seemed to have increased in amount. ‘The seminiferous 
tubules frequently contained abnormal numbers of fat globules. On the 
other hand the testes of rabbits which had continued to mate for several 
months following transection of the hypophysial stalk showed only a few 
degenerating tubules and some slight increase in connective tissue at the 
expense of glandular cells; normal tissues predominated and spermatozoa 
were present. 


Table 1 gives the weights of the various portions of the hypophyses 
from some of the stalk-cut males and from a comparable number of normal 


male rabbits. In several instances the weight of the anterior portion 
of the gland was much below the normal average, indicating a probable 
decrease following operation. The glands of other animals remained 
within normal limits of variation. The most marked decreases in weight 
of the pars anterior were associated with testicular degeneration and loss 
of libido. The anterior lobes of animals which continued to mate until 
the time of autopsy were found to be of more nearly normal size. 

Figure 2 D gives F.S.H. assay curves obtained from the anterior lobes 
of stalk-cut male rabbits. By comparing these with assay curves ol 
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the glands of normal males (fig. 2 C) it can be seen that the glands of 
some stalk-cut males contained less of the follicle-stimulating materia] 
than did the normal glands. The three lower curves in figure 2 D indicate 
a deficiency. If the amount of hormone necessary to cause a 100 per cent 
increase in uterine weight be considered the unit (Levin and Tyndale, 
1937) then in the glands giving the three low curves 3 mgm. or more ot 


TABLE 1 


NORMAL RABBITS STALK-CUT KABBITS 


Weight of hypophysis 
weight Anterior’ Neural | Entire weight Anterior, Neural | Entire 

lobe lobe gland lobe lobe gland 


Weight of hypophysis 


Females 


kgm, mgm, mgm, mgm, kgm, mgm, mgm, mgm, 

1 3.30 29.2 6.1 35.3 22" 2.17 11.6 1.4 13.0 
14 2.12 | 20.3 5.4 25.4 15* 1.80 10.8 2.4 13.2 
16 PAE 18.5 Si 23.6 17 2.60 13.2 2.1 15.3 
19 2.30 18.6 9.5 58.1 18 2.05 14.5 1.4 15.9 
20 2.00 14.3 3.9 18.2 27 2.75 20.4 7 ee 23.1 
29 1.92 26.2 4.1 30.3 28 3.18 22.6 1.9 27.5 
31 2.20 28.0 5.6 33.6 47 3.00 21.9 2.1 24.0 


26 


16. 


ra 3.26 33.0 1.8 37.8 46 3.05 21.0 2.0 23.0 
23 2.87 24.0 7.0 31.0 48* 2.20 9.1 1.0 10.1 
25 L #2 16.3 3.8 20.1 52 2.60 18.5 1.8 20.3 
26 1.90 13.6 3.4 17.0 54* 1.99 12.5 2.0 14.5 
30 2.69 15.5 32 16.7 55* 1.81 12.0 LS 13.5 
32 1.94 16.2 3.4 19.6 56* 2.30 [1.7 3.5 15.2 
33 2.18 i | 3.9 25.6 58 2.28 18.4 2.3 20.7 


Average 2:36 20.0 t.2 


to 
to 
w 
to 
— 

bo 


16.8 


* These animals showed ovarian or testicular degeneration and loss of libido. 
The glandular assays gave further indication of some impairment of hypophysial 
function. 


tissue contained but one unit of hormone. The glands of the normal 
animals and of two stalk-cut males contained one unit of hormone in 
each 1 to 1.5 mgm. of gland. The anterior lobes of these two stalk-cut 
preparations had fully as high a hormone concentration as did any of 
the glands of normal males. Histological studies of the testes of the 
stalk-cut animals from which these assay curves were obtained showed 


that the animals whose glands gave the low assays had abnormal testes 


Average 2.36 m4 5.6 32.0 2.51 mm 4 2.4 18.8 
Males 
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2. Curves obtained of the increase in weight of 21 day mouse uteri upon 


hig. 
are given in milligrams of 


injection of rabbit anterior lobe extract. The abscissae 
fresh anterior lobe tissue, but actually equivalent quantities of extract of the glands 
were injected. In some cases frozen vacuum-dried glands were used as indicated 
In order to make the abscissae of these curves approximately comparable to those of 
the fresh glands the dry weight of gland material injected was multiplied by four 
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but the testes of the two rabbits which gave normal assays contained 
normal seminiferous tubules 


Results of assays of the L.H. 


CHANDLER 


RABBITS ASSAYED SEX 


Normal no. 
Normal no. 
Normal no. 
Normal no. 
Normal no. 
Normal no. 


Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 


Normal no. 
Normal no. 
Normal no. 
Normal no. 
Normal no. 
Normal no. 
Normal no. 
Normal no. 
Normal no. 


Normal no 


Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 
Stalk-cut 1 


Table 2 


hormone. 


37 
40) 
19 
7 
8 
30 rot 
10. 9 g 
10. 18 
10. 51 
10. 57 9 
10. 39 eu 
10. 55 fot 
10. 
12 
14 
16 
19 
29 
38 
21 
23 rot 
32 
. 
10. 13 ¢ 
10. 43 
10. 44 ? 
10. 47 9 
10. 5O 
10. 39 rou 
10. 42 cf 
10. 45 
10. 46 rots 
10. 52 
10. 53 ofl 


summarizes the results obtained when the glands of normal 
and stalk-cut males were assayed for luteinizing or ovulation-producing 
It can be seen that though some glands were deficient in hor- 


MceCUSKEY 


1 2 3 
- |+ 
+ 
- 


BROOKS AND 


TABLE 2 


content of the pars anterior of the hypophysis 


4 5 6 7 
+; 
+| | + 
+ 
-| | + 
-| |+ 
+ 
+ + 
+ 
+ 
+ 
+ 
+| |+ 
+| + 
+ + 
+ 
+ 
-| | + 
+ 
of 
+ 
+| | + 
+ 


MGM, OF GLAND INJECTED 


and interstitial cells. 


LAMBERT 


METHOD OF 


ASS 


Mouse 
Mouse 
Mouse 
Mouse 
Mouse 
Mouse 


Mouse 
Mouse 
Mouse 
Mouse 
Mouse 
Mouse 
Mouse 


Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 


Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 
Rabbit 


AY 


assay 
assay 
assay 
assay 
assay 


assay 


assay 
assay 
assay 
assay 
assay 
assay 


assay 


assay 


assay 


assay 
assay 
assay 
assay 
assay 
assay 
assay 


assay 


assay 
assay 
assay 


assay 


assay 
assay 


assay 


assay 
assay 
assay 


assay 


8 9 10 11 12 
+- 
+ 
+ 
+ 
+ 
+ 


GONADOTROPIC FUNCTIONS OF HYPOPHYSIS 65 


one content following stalk section others continued to have a normal 
ormone content. 

The cosinophils and basophils of the pars distalis of stalk-cut males 
showed histological changes similar to those previously found to occu 
in the female (Brooks, 1938S Long cytoplasmic processes extended trom 


many ol the cosinophil cells and the cytoplasmic granules had almost 


Fig. 3. A. Section of hypophysis from normal male rabbit Kostnophils of pars 
distalis. Oil immersion 

B. Section from pars distalis of male rabbit 5 months after the hypophysia 
stalk had been transected. Many of the eosinophils have lost much of their darkly 
staining evtoplasm but the cells can still be identified. Same magnification as 4 
Gland gave a normal assay 

(. Similar photomicrograph of the pars distalis of a gland obtaimed from a mate 
3 months after stalk transection Kosinophils show eytoplasmie processes. This 
gland gave a slightly lower assay than did that pietured in B 

D. Pars distalis of gland which had been deprived of its blood supply for four 
days. Eosinophils are abnormal but they can still be distinguished. The assay 
given by this gland Was only slightly subnormal 


completely disappeared. The nuclei of many of the basophils were 
pyenotic and the cells appeared to be much smaller than normal. leven 
in glands which showed normal hormone contents some cytological changes 
were observed but these abnormalities were more marked in the glands 
of animals which showed indications of hypophysial disfunction. Figure 3 
contains photomicrographs of portions of some of the glands which were 
assaved for their hormone content, 
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This study of the effect of hypophysial stalk transection on the mak 
rabbit has shown that the pars distalis may function quite normally follow- 
ing such an operation. Although degenerative changes in the hypophysis 
and testes do occur following stalk transection in some instances this 
is not invariably the case. Six of the fourteen stalk-cut males continued 
to mate, their testes produced normal spermatozoa and the pars distalis 
of the hypophysis contained a normal concentration of follicle-stimulating 
and ovulation-producing substances. 

Females. The hypophysial stalk was transected in 18 female rabbits 
A few of these animals were kept for 8 to 10 months before assays of the 
anterior portion of the hypophyses were undertaken. The glands of 
four stalk-cut females were assayed two weeks subsequent to stalk tran- 


section but in the majority of cases assays were performed one month 


after operation. “Table | gives the weights of the glands of normal and 
stalk-cut females. In table 2 the results of the LH. assays are summarized 
and in figure 2 the FUSJH. curves are given. Transection of the hypo- 


physial stalk caused some diminution in the size and weight of the pars 
anterior in a few cases, but the glands of other animals were of normal 
size. Similarly, the FUSJH. and LH. content of the anterior lobe may 
have been slightly subnormal in one or two of the stalk-cut females but 
the glands of others contained as great a concentration of these hormones 
as that found in the glands of any of the normal rabbits. Figures 2 A and 
2 B indicate that a few of the glands of control rabbits had a lower con- 
centration of F.SJH. than any of the glands of stalk-cut rabbits. In 
three of the control females the hypophysis contained only | unit of F.S.H. 
in’dmgm. of gland. The assay curve of one of the stalk-cut females shows 
that 2 mgm. of gland were necessary to give a LOO per cent increase in 
weight of the mouse uterus but inall other cases 1 to 1.5 mgm. of tissue was 
sufficient. Histological preparations of the glands of a few of the stalk-cut 
females showed that changes had occurred in the basophils and eosinophils 
identical with those previously deseribed (Brooks, 1938). 

The hormone content of the glands of the normal rabbits used for assays 
varied considerably. These animals were not uniform in size, age or 
breed but were comparable in these respects to the stalk-cut rabbits and 
had been living under identical conditions for similar periods of time. 
In both the normal and experimental animals the total ovulation-pro- 
ducing hormone content was much below that reported by Hill (1935) 
for normal estrous females; it varied between 38 and 6 ovulation-producing 
units as compared with the 10 and 12 obtained by Hill. However, the 
anterior lobes of both the stalk-eut and normal females contained an 
amount of hormone well above the minimum required to cause ovulation 
in other normal and other stalk-cut females. The glands contained much 
more hormone than was found by Hill in the anterior lobes of recently 
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mated normal females. Stalk-cut females mated occasionally but ovula 
tion never occurred. The anterior lobes of two such rabbits were assayed 
24 hours after the animals had mated but the glands contained as much 
hormone as did those of non-mated stalk-cut females 

This study of the effect of hypophysial stalk transection in the femal 
has shown that the F.S.H. and L.H. content of the hypophysis is not 
greatly modified by this procedure. Although stalk-cut females fail to 
ovulate as a result of coitus their anterior lobes contain several times the 
amount of hormone necessary to cause normal or stalk-cut rabbits to ovu- 
late. Mating does not produce a decrease in the L.H. content of the pars 
distalis as is the case in normal females which ovulate following coitus 

In those control preparations in which much of the blood supply to the 
hypophysis was purposely cut off rather extensive degenerative changes 
occurred. The cytoplasm became granular and filled with vacuoles and 
the cellular boundaries became indistinct. Nevertheless, the hormone 
content showed no detectable decrease for from two to four days. Either 
the hormones (F.S.H. and L.H.) were not destroyed quickly enough or 
our methods of assay were not sufficiently sensitive to show a decrease at 
the beginning of morphological degeneration. 

Discussion. Insofar as the tests employed are specific indicators of 
F.S.H. and L.H. the conelusion is justifiable that the glands of stalk-eut 
rabbits contain both follicle stimulating and luteinizing hormones. We 


found that though the concentrations of these substances in many of the 
glands remained within normal limits the total hormone content per 
gland was below that of the controls in some instances because of the 
smaller size of the pars distalis. A few glands became definitely deficient 
following transection of the hypophysial stalk as indicated not only by a 
decrease in size of the gland and a low hormone value per milligram of 


gland but also by abnormalities cf testes or ovaries and a loss of libido 
Unquestionably degenerative changes do occur in the pars distalis follow- 
ing transection of the hypophysial stalk although they are not necessarily 
extensive. The cause of these degenerative changes may be mechanical 
injury produced at the time of operation or abnormality in the blood sup- 
ply of a temporary or permanent nature. Also they may be due to sever- 
ance of a nerve supply to the gland. These experiments have demon- 
strated that despite these changes the anterior lobe continues to function 
following transection of the hypophysial stalk. 

Hill (1935) found that assays performed on normal rabbits 24 hours 
after mating showed that the hypophysis contained on an average 1.5 
ovulation units while the glands of non-mated estrous rabbits contained 
10 to 12 units. The glands of our control females contained only 4 to 6 
units (average 5.8) per gland. A possible explanation of this discrepancy 
between our results and those of Hill is that we assayed single glands 
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and so did not obtain sufficient material for a closely graded series of 
injections. Therefore, the amount of gland extract which produced ovu- 
lation in our experiments might have been much above that which would 
have been just effective; the glands may have contained much more hor- 
mone than our results indicated. The fact that the glands of two stalk- 
cut females which were assayed 24 hours after mating contained 3 and 4 
units of ovulation-producing hormone respectively supports the sugges- 
tion that ovulation fails to occur in such animals because there is no sud- 
den discharge of L.H. from the gland. 

The hormone content of the hypophysis at any one time is no criterion 
of the amount of hormone normally produced and secreted. Such figures, 
however, do show that in the male stalk-cut rabbit the hormone content 
of the hypophysis is maintained at a normal level. Some secretion of the 
gonadotropic hormones must also occur because the interstitial cells and 
the seminiferous tubules of the testes retain their normal function. In the 
ease of the stalk-cut female these assays have shown that the F.S.H 
content of the hypophysis is maintained at a normal level and in addition 
sufficient secretion occurs to produce follicular development in the ovaries. 
The L.H. assays demonstrated that there is sufficient hormone present to 
cause ovulation if it were released in adequate amounts. Although these 
experiments do not fully settle the question they add support to the evi- 
dence that in the female rabbit transection of the hypophysial stalk does 
inactivate the mechanism whereby coitus initiates a discharge of ovulation- 
producing substance from the pars distalis. 


SUMMARY 


Transection of the hypophysial stalk did not interfere with reproduc- 
tive activities in six of the fourteen male rabbits operated upon. Mating 
occurred and normal spermatozoa were produced. Histological examina- 
tion of the testes of these six animals failed to reveal any marked ab- 
normalities. 

Assays of the F.S.H. and L.H. content of the anterior lobes of male and 
female rabbits several weeks or months after stalk transection showed that 
the concentration of these hormones was, in most cases, comparable to 
that of the glands of normal control rabbits. 

Transection of the hypophysial stalk invariably prevented coitus-in- 
duced ovulation in the female rabbit but in the majority of cases other 
abnormalities in gonadotropic functions of the hypophysis were not 
detectable. 
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In 1938 Nasset described the preparation of a hormone enterocrinin, 
distinct from secretin, which excites the glands of the small intestine 
This paper describes the response of jejunum and ileum to food and 
enterocrinin. The secretion was examined hourly for enzyme activity, pH, 


chloride and total COs using both innervated and denervated transplants 
Preliminary reports of this work have appeared (Nasset, Schiffrin and 
Belasco, 1938; Schiffrin and Nasset, 1939). 

Metuops. Experimental animals. The operative technic was de- 
scribed in an earlier paper (Nasset, Pierce and Murlin, 1935). Five dogs 
with transplants were prepared, three of jejunum taken 15 cm. beyond the 
ligament of Treitz and two of ileum taken about 10 em. above the ileocecal 
valve. After sufficient time for the establishment of collateral circulation 
had elapsed, the mesenteric pedicle was cut in a second operation. The 
animals are therefore described as either ‘first stage’’—with original cir- 
culatory and nervous connections intact —or “second stage’’—-without any 
direct vascular or nervous connection with the mesentery. 

Diet. The animals were maintained on a constant diet of Purina Chow 
and a record kept of their weights. They were in a state of good nutrition 
according to the criterion established by Cowgill and Drabkin (1927). 

Chemical. The dogs were set up cither after a 24-hour fast or were fed 
one-half their daily ration within a half hour of the beginning of the 8- 
hour collection period. The juice was collected with the aid of soft 
rubber catheters and the samples removed hourly. The volume and pH 
were recorded and the sample homogenized by an air driven stirrer. 
Chlorides were determined by the Volhard-Harvey method as described 
by Peters and Van Slyke (1932). The method of Van Slyke and Neill 
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1924) was used for total CO. determinations. pH was determined with 
. glass electrode. 

The enzyme determinations were the same in principle as those described 
earlier (Pierce, Nasset and Murlin, 1935), but the semi-micro modifications 
described below made possible a more complete analysis with smaller 
samples than before. All samples were incubated for 48 hours at 38°C, 
with toluene as the preservative. The volume of intestinal juice used was 
0.1 cc. in all cases. 

Five cubic centimeters of 2 per cent solutions of starch and sucrose served 
as substrates respectively for amylase and invertase determinations. The 
amount of reducing sugar produced was determined by the Shaffer- 
Somogyi method (1933) and the concentration of enzyme expressed as 
milligrams reducing sugar per cubic centimeter of intestinal juice. Dupli- 
cate determinations on the same sample of juice checked within 2 per cent. 

Five cubic centimeters of a 5 per cent solution of Difco Bacto-Peptone 
was used for peptidase determinations. The degree of hydrolysis was 
determined by the Sorensen formol titration with electrometric determina- 
tion of the end point (Dunn and Loshakoff, 1936). The concentration of 
peptidase was expressed as milligrams amino nitrogen per cubic centimeter 
of intestinal juice. Duplicate determinations on the same sample of in- 
testinal juice checked within 5 per cent. 

The fatty acids released on hydrolysis of 1.0 gram olive oil and 1.0 
cc. bile were titrated against alcoholic KOH and the lipase concentration 
calculated as milligrams fatty acids per cubic centimeter of intestinal juice. 
Duplicate determinations on the same sample checked within 10 per cent. 

Controls of all enzyme determinations were made using juice which had 
been inactivated by boiling. Glass redistilled water was used throughout 
the chemical procedures. 

Resutts. Jejunal secretion. The hourly changes of fluid and enzymes 
secreted by the jejunal transplants are shown in table 1. 

A comparison of the total enzyme production reveals a decline from the 
second hour fasting, whereas the enzyme production during the sixth and 
seventh hours post cibum either equalled or exceeded the first hour response. 
On dividing the figure for total enzyme production by the volume of secre- 
tion in any hour one obtains a value for the enzyme activity per cubic 
centimeter of juice and it is significant that the postcibal concentration 
values (with the exception of the sixth and seventh hours) are lower than 
the fasting values. The average hourly secretion of the four enzymes 
has been plotted and expressed as a percentage of the first hour secretion in 
figures 1A and IF. 

Eighty-five per cent of the pH values were between 7.6 and 8.4, the 
extremes were 6.9 and 8.6. 


The chloride concentration varied between 120 and 160 m. eq./L. 


to 
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TABLE 1 


NASSET 


First stage 


12 fasting and 12 feeding experiments, 12/2/38 to 1/18/39) 


ec. 


VOLUME 
HOURS* 

Fast Fe 

cc. 
l 5.74 5 
2 5 
3 1.00 5 
} 3.80 5 
5 3.70 
6 3.23 
7 3.40 | 
3.40 


83 


15 
03 
73 
36 
87 
82 


AMYLASE INVERTASE 
GLUCOSE (INVERT SUGAR 
Fast Fed Fast Fed 

mg./hr. mqa./hr. mg. /hr. 
2,850 | 2,650 | 3,190 | 2,750 
3,100 2,410 | 3,610 2,380 
2,100 | 2,140 | 2,410 | 2,270 
2,300 | 2,400 | 2,650 | 2,440 
2,420 | 2,410 | 2,770 2,590 
2,140 2,850 | 2,410 3,100 
2,290 | 3,380 | 2,630 | 3,700 
2.160 | 2.310 | 2.340 | 2,570 


* For the columns marked 


animal 24 hours fasting. 


Ror 
FIRST HOURS 
SECRETION 


3 FAST ING 


Fig. 1. The values represent the average hourly secretion of the four intestinal 
enzymes which were studied. 


ministration. 


experiments each. 


“Fed” in this and all subsequent tables the number of 
hours indicates the time after feeding. 
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Fast 
md. hr. 
164 
160 
107 
122 
134 
123 
119 
123 


HOURLY ENZYME PRODUCTION 
OF JEJUNAL TRANSPLANTS 


FIRST STAGE 


mg 


Fed 


190 
137 
134 
132 
150 
171 
194 
146 


For the columns marked ‘‘Fast’’ 


hr. 


LIPASE 


FATTY ACID 


166 
234 
166 


SECOND STAGE 


the number 
of hours indicates only the time after commencement of the experiment with the 


The arrows indicate the hours of enterocrinin ad- 
A and F each represents 12 experiments; all others are drawn from two 
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In confirmation of the work of deBeer, Johnston and Wilson (1935), it was 
found that 85 per cent of the values were between 130 and 150 m. eq./L. 

The total CO, content averaged about 10 m.M./L. and declined progres- 
sively from the first hour. The average COz content on fed days exceeded 
that on fasting days by about 4 m.M./L. Representative values for 
jejunal and ileal secretion are shown in table 2. The reciprocal relation- 
ship between chloride and CO, and the relative stability of their sums is 
indicated. 

In order to determine the effeet of enterocrinin, 0.4 mgm./kgm. was 
injected intravenously every twenty minutes during the third and fourth 
hours. The results are shown in figures 1B and 1G. It is of interest that 


TABLE 2 
Fluid volume, chloride and total CO2 of jejunal and ileal secretion” First stage 


JEJUNUM ILEUM 
HOURS Fast Fed Fast Fed 
Vol-! cy | CO: Total | ci | Total | ci | coz! Total | ci | Co: | Total 
ume ume ume ume 
m. m. m. m. m. m. m. m. 
cc eq. eq. ce. eq. eq. cc eq. eq. cc. eq. eq. 
L. L. L. L. L. L. L. L. 
1 5.74 146 16.0 1162.05.83, 14119.9 1160.93.42 102 55.9 157.93.40) 95 64.2 159.2 
2 71) 185:12.5147.55.77) 147:18.3 165.3 3.65) 100 58.1)158.12.88) 92 65.9 157.9 
3 137.11.4148.45.15 12916.5145.53.40 10461.1:165.12.42) 98 68.7 166.7 
80 135 10.5 145.55.03 14011.9 151.93.20) 98 65.1163.11.63 99 63.7 162.7 
5 $4.73 140 9.6149.64.10 101 63.1164.11.25 96 63.1 159.1 


5 
3 

5 3.70 139 9.4148 
3.23 146 8.6154.64.36 1386 9.2 145.22.55 101 64.6 165.61.47)102 59.0161.0 
3.40) 144) 6.2 1150.24.87 139) 8.0 147.03.72) 100 65.9 165.9 1.68 91 67.1158.1 
3.40) 137) 5.5/142.53.82) 140) * 3.00 10269.1171.11.90 96 59.8 155.8 


Av. 4.138 140 10.0 150.04.94 139 14.4 1538.43.38 101 62.9 163.9 


96 63.9 159.9 


* No determinations available. 


the posteibal rise in the sixth and seventh hours was not abolished by this 
procedure. In another series of experiments 0.3 mgm. enterocrinin per 
kgm. was administered intravenously every fifteen minutes during the 
sixth and seventh hours. The results are indicated in figures 1C and 1H. 
A comparison of 1C and 1F shows that the injection of the hormone on a 
fasting day duplicates approximately the average postcibal response 
The increased effectiveness of enterocrinin after feeding is probably due to 
a summation of the effects of the hormone produced in the animal as a 
result of digestive processes and what was given intravenously. That the 
hormone acts to increase enzyme concentration as well as the volume of 
secretion will be shown later. 
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In contrast to the first stage where enzyme concentration was low after 
feeding, the second stage secretion showed an increased concentration after 
feeding. The postcibal first stage inhibition is probably due to some 
mechanism operating through the extrinsic nerves as indicated by Nasset, 
Pierce and Murlin (1935). The hourly changes of fluid and enzymes 
secreted during second stage are shown in table 3. 

Denervation and enterocrinin administration did not affect the pH, 
chloride or total CO, of the secretion, but for lack of space the experimental 
data are omitted. 

Enterocrinin was administered intravenously during the third and fourth 
hours to these dogs, second stage, in a manner identical to that employed 


TABLE 3 
Total enzyme and fluid secretion of jejunal transplants—Second stage 


(Two dogs: 2 fasting and 2 feeding experiments) 


AMYLASE INVERTASE PEPTIDASE LIPASE 


(GLUCOSE) (INVERT SUGAR) (AMINO NITROGEN) (FATTY ACID) 
HOURS 
Fast Fed Fast Fed Fast Fed Fast Fed Fast Fed 
ce. ce. mg./hr. | mg./hr. | mg./hr. | mg./hr. | mg./hr. | mg./hr. | mg./hr. | mg./hr 
1 2.9 0.7 383 453 467 468 | 38.6 53.6 /151 114 
2 1.9 1.5 420 1,080 397 1,030 | 22.2 70.4 93.5 188 
3 2.0 1.6 472 813 466 816 30.4 68.0 1li 18] 
t 1.2 La 143 604 155 547 | 15.6 47.6 53.9 124 
5 0.8 1.3 161 894 96 936 9.4 57.9 31.2 (147 
6 1.0 1.5 214 824 140* 797 6.0* | 62.7 47 .0* |158 
a 1.3 0.6 670 311 516 317 | 36.8 18.2* |103 46 .4* 
8 1.0 


0.6 314 161 109* 175 | 5.2* | 20.3* | 42.3* | 50.5* 


* One determination. 


during first stage. As before, feeding augmented the response to the 
hormone (figs. and LJ). 

Ileal secretion. The fasting and postcibal secretion of the ileal trans- 
plants are shown in table 4. The enzyme production per unit time as well 
as per unit volume was less than that of the jejunum. This is in accord- 
ance with the gradient theory of Alvarez (1918). The fasting secretion 
of the ileum manifested wide hourly variations. This was not so after 
feeding when the inhibition was so great that at no time did the enzyme 
production equal the first hour value. Differing markedly from that of the 
jejunum, the chloride content of the ileal secretion varied between 80 and 
110 m. eq./L. and the average total CO, content was about 64 m.M./L. 
(table 2). This was reflected in the pH of the secretion which fluctuated 
between 8.6 and 9.4. 

Enterocrinin was administered intravenously in the third and fourth 
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hours, and in another series in the sixth and seventh hours, as deseribed 
above. Although the hormone had no apparent effect on the fasting days 
it did increase the enzyme production after feeding, being especially notice- 
able when given in the sixth and seventh hours (figs. 2 B, C, G, H). 
Whereas enterocrinin had no apparent effect on the fasting first stage 
animal (fig. 2B) it did increase the enzyme production of the fasting 
second stage animal (fig. 2E). 

The effects of denervation were essentially the same as those observed 
in the jejunum, namely, the enzyme concentration was greater post cobum 
than fasting. The results are indicated in table 5. 

Subcutaneous administration of enterocrinin. The threshold dose of 


TABLE 4 
Total enzyme and fluid secretion of ileal transplants—First stage 
(Two dogs: 6 fasting and 6 feeding experiments) 


AMYLASE INVERTASE PEPTIDASE LIPASE 


OLUME 
i (GLUCOSE) (INVERT SUGAR) (AMINO NITROGEN (FATTY ACID 


HOURS 


Fast Fed Fast Fed Fast Fed Fast Fed Fast Fed 


ce. ce. mg./hr. mg./hr. | mg./hr. mg./hr. mg./hr. mg./hr. | mg./hr. mg./hr. 
1 3.42 3.40 684 367 797 442 39.3 28.3 64.0 70.4 
2 3.65 2.88 832 270 982 240 48.2 19.4 44.4 53.6 
3 3.40 2.42 802 195 853 150 38.8 16.4 71.1 36.8 
4 3.20 1.63 707 153 717 119 36.5 13.0 | 58.9 | 32.8 
5 4.10 1.25 | 1,242 131 1,415 113 65.2 11.9 | 119.0 28.8 
6 2.55 1.47 530 138 686 121 28.1 11.2 51.5 31.0 
7 3.42 1.68 978 257 1,086 297 52.1 20.3 88.9 55.3 
8 3.00 1.90 714 228 789 230 39.0 19.4 61.2 43.7 


enterocrinin is determined in this laboratory by the following procedure: 
the secretions of the jejunal transplants of a fasting animal are collected 
and the volumes recorded at half-hour intervals. At the end of about two 
hours the secretion has usually fallen to a fairly constant level. The prepa- 
ration to be assayed is then injected and the rate of secretion during the 
next fifteen minutes is recorded. If this rate is twice that of the previous 
half hour, the amount injected is taken to be the threshold dose for that 
particular preparation. The results of a few such assays are shown in 
table 6. 

Repeated trials have indicated that the subcutaneous threshold (as 
determined by this procedure) is approximately ten times the intravenous. 
The effect of subcutaneous administration on the enzyme production of 
jejunal and ileal transplants was determined on two animals. The large 
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pie OF HOURLY ENZYME PRODUCTION 
SECRETION OF TLEAL TRANSPLANTS 
300r FIRST STAGE SECOND STAGE 


20 


100 


300 


200 


100 


Fig. 2. The values plotted represent the average hourly secretion of the four 

enzymes which were studied. The arrows indicate the hours of enterocrinin ad 

ministration. A and F each represents six experiments; all othersare drawn from 
two experiments each. 


TABLE 5 
Total enzyme and fluid secretion of ileal transplants—Second stage 


(Two dogs: 2 fasting and 2 feeding experiments) 


VOLUME AMYLASE INVERTASE PEPTIDASE LIPASE 
— GLUCOSE) INVERT SUGAR AMINO NITROGEN) (FATTY ACID 

Fast Fed Fast Fed Fast Fed Fast Fed Fast Fed 

ce. ce. mg./hr. mg./hr. | mg./hr. | mg./hr mg./hr.  mg./hr. | mg./hr mg./hr 
l 6.3 3.1 72.5 290 85.1 282 25.2 53.6 | 105 134 
2 9.2 $.9 127 423 139 349 15.1 73.0 | 176 205 
3 6.4 1.3 62.1 359 64.0 339 36.5 64.5 | 148 175 
! 5.6 1.7 39.8 359 41.4 354 14.0 64.4 102 183 
5 1.6 5.8 11.4 524 62.1 562 15.6 | 107 101 281 
6 +. 4 3.3 57.6 426 54.1 420 20.7 67.3 | 115 182 
7 5.0 t.4 25.5 | 546 24.5 | 510 12.5 | 88.4 72.5 | 231 
5 3.4 3.7 54.1 347 38.1 338 23.1 60.7 95.2 131 


amount of hormone needed for such experiments has of necessity limited 


the number of observations. Table 7 shows the effeet of enteroerinin on 
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both the concentration and amount of enzymes secreted by a jejunal trans- 
plant. Similar results were obtained from the ileum but lack of space 
prevents their presentation. 

It is apparent from these tables that although the hormone may not 
necessarily exert any great effect on the volume of secretion, it may act to 
change considerably the concentration and hence the amount of enzymes 
secreted. This might make desirable a change in definition of the threshold 


TABLE 6 


ce./hr. ec. /hr. 
V0.1 intravenously 3.6 5.2 
0.2 intravenously 0.6 6.0 
2.0 subcutaneously in flank 2.4 10.4 
2.0 subcutaneously in axilla 1.2 8.0 
Saline control 1.4 0.8 


TABLE 7 
Effect of enterocrinin on enzyme concentration and production of jejunal secretion 
First stage 


12.0 mg. enterocrinin/kg./hr. injected subcutaneously during the 6th hour 
after feeding 
(One dog: 1 feeding experiment 3/28/39) 


mg./cc. mg./hr. mg./ec. mg./hr. mg./cc. mg./hr 
1 6.2 216 1,339 194 1,203 20.4 126 
2 1.4 304 1,338 369 1,624 18.1 80 
3 4.2 245 1,029 282 1,184 22.1 93 
1 2.2 292 642 285 627 21.5 47 
5 2.0 318 636 351 702 23.8 68 
6 3.7 871 3,223 774 2,864 67.7 25 
7 2.4 329 790 355 852 24.6 59 
8 1.6 425 680 402 643 26.5 42 


dose which would take this into account, were it not for many practical 
difficulties to be overcome, not the least of which is the time required for 
satisfactory enzyme determinations. 

Enterogastrone was prepared as described by Gray, Bradley and Ivy 
(1937) and its effect on gastric secretion compared to that of enterocrinin. 
Whereas enterogastrone inhibited secretion produced by either food or 
histamine, no such inhibition was manifested by enterocrinin. 


MG./KG. BODY WEIGHT RATE BEFORE RATE AFTER 
INJECTION INJECTION 
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Discussion. The mode of action of enterocrinin is yet to be determined 
There are several possible mechanisms among which are: 1, the hormone 
inhibits absorption giving rise to a false observation of increased secretion: 
2, the effects are circulatory in nature; 3, the nervous inhibition is removed 
centrally; 4, the inhibition is overcome at the nerve endings; 5, the hormon: 
excites the glands directly. 

The first is unlikely since if one exposes a section of intestine of an anes- 
thetized dog and observes the surface of the mucosa with the aid of a micro- 
scope, the intravenous injection of the hormone will cause such a copious 
secretion that it can readily be seen. Secretion is not directly related to 
blood pressure since both histamine and epinephrine increase intestina! 
secretion. Investigations of other glands of the digestive tract have shown 
their independence of systemic blood pressure (vide Babkin for numerous 
references). Sacrifice experiments have failed to reveal any change in 
blood pressure as a result of administration of the hormone. Hence the 
second is improbable. 

The third and fourth are ruled out because the efficacy of enterocrinin 
is enhanced and not diminished by denervation. This view is substan- 
tiated by the fact that whereas the enzyme concentration of the fed first 
stage animal was less than that during fasting, denervation reversed this 
relationship. 

All of the evidence seems to indicate that enterocrinin acts directly on the 
glands of the intestine. The four enzymes studied are equally affected 
by the hormone. The parallelism of their concentrations was observed 
previously (Bourns, Nasset and Hettig, 1936), a fact which is confirmed by 
this work. This parallelism suggests for these enzymes a common mech- 
anism of release from the cell. 

Owles (1937) employing a modification of the intestinal intubation tech- 
nie of Miller and Abbott (1934) studied the secretion of the human in- 
testine, particularly that of the jejunum. Although he reported the 
presence of invertase, peptidase, lipase and lactase, he states “it is probable 
that diastase is not a true secretion of the human small intestine.’”’ This 
is contrary to the findings of other investigators (vide Babkin), but the 
experimental data appear convincing. If amylase is not a component of 
human succus entericus, there exists a remarkable difference between the 
intestinal secretion of man and dog. Owles reported a progressive decline 
in enzyme concentration with time, an observation which is not confirmed 

by the present investigation on the dog, and in fact some of his own proto- 
cols fail to bear out his conclusion. 

Ingraham and Visscher (1938) have expressed mathematically the rela- 
tionship between absorption of certain salts and secretion in the intestine. 
A fundamental assumption in their theory is the presence of a secreting 
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membrane in the intestine “impermeable to all electrolytes” and a driving 
force sufficient to bring a fluid free of electrolytes from the blood stream 
into the lumen of the intestine. The validity of such an assumption seems 
doubtful in view of the data available on the salt content of sueccus en- 
tericus. Their statement that contact with the absorbing surface probably 
changes the concentration of salts in the juice may be true but in this event 
it would be reasonable to expect that the rate of secretion should bear 
some relation to the salt concentration. The fact is, the chloride concen- 
tration of intestinal juice is independent of the rate of secretion (table 2). 


SUMMARY 


1. Feeding causes a diminution of both enzyme concentration and total 
enzyme secretion of first stage jejunal and ileal segments. This inhibition 
is overcome in the jejunum six or seven hours post cibum, but persists in 
the ileum for at least eight hours. 

2. Denervation results in an increase in enzyme concentration as well 
as total secretion after food which indicates that the first stage inhibition 
was nervous in nature. 

3. The amount of enzymes produced per unit time is greater in the 
jejunum than in the ileum. 

4. There is a reciprocal relationship between the chloride and total CO, 
content of suecus entericus in different sections of the gut. 

5. Enterocrinin increases the concentration and quantity of enzyme 
secretion but does not affect the pH, chloride or total COs. Feeding or 
denervation augments the response to enterocrinin. 

6. Enterocrinin is effective subcutaneously when given in ten times the 
amount required for intravenous administration. In this respect it differs 
from secretin which is not effective subcutaneously. 
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The experiments reported in this paper were performed in 1937. A 
brief report (1) appearing at that time summarized the results only in 
part. Nearly 300 experiments were performed on 10 dogs. They con- 
firmed the importance of hexylresorcinol as an aid to absorption previously 
observed (2, 3), established the optimum composition of solutions contain- 
ing both hexylresorcinol and insulin which may be introduced into the 
stomach to obtain maximum absorption and included an acute method 
which permits of trial of many different solutions in a single sacrifice ex- 
periment. The best solution was then tried on 10 normal men with vary- 
ing results. 

The previous studies left unsettled several questions: the optimum pH 
range; the value of preliminary oxidation of the hexylresorcinol; the rela- 
tion of surface tension of the solution to absorption; the influence of drugs 
which reduce secretion, such as atropine, and the closely related question 
of the effect of hexylresorcinol on proteolytic enzymes. Only the first two 
of these questions are settled conclusively in the present paper, but new 
evidence of importance has been obtained bearing on each of the others. 

EXPERIMENTAL. ‘Two procedures have been followed with dogs, namely, 
introduction of solutions containing hexylresorcinol and insulin® directly 
into the stomach as described by Daggs, Murlin and Murlin (3), and in- 
troduction directly into the intestine of the anesthetized animal. In the 
experiments on human subjects which will be described last, the person 
came to the laboratory in the post-absorptive condition and drank the 
solution at the appointed time. In all three procedures blood samples 
(usually two, 15 minutes and 1 minute before) were taken preliminary to 
introduction of the test solution, and then at 20, 40, 60 and 90 minutes 
after complete intromission. The same precautions were observed as 


1 This investigation has been aided by a research grant from Sharp and Dohme of 
Philadelphia. 

? Insulin in dry form was supplied through the generosity of Sharp and Dohme, 
and E. R. Squibb and Sons; also in concentrated solution by Eli Lilly and Co 
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before (3) with respect to withdrawal of the stomach tube, although it was 
discovered later in the human experiments that no evidence of absorption 
could be obtained when a solution containing insulin was held in the mouth 
as long as one-half hour. Blood sugar determinations were made on 
zinc hydroxide blood filtrates (4), by use of the Schaffer-Somogyi copper- 
iodometric reagent number 50 (5). This method was found to be aecurat: 
to 0.5 mgm. per cent. 

Resutts. pH. It was necessary first of all to settle the matter of pH 
In earlier experiments it was found that a weakly alkaline solution gav: 
better results than acid but the actual pH was not measured.  Electro- 
metric measurements were made in the present series in fully 80 per cent 
of the trials and when the apparatus was out of order indicators were used 
It is evident from table 1 that a pH below 7.0 is practically useless as an 
initial intragastric reaction. Over the range 9.0 to 11.0 absorption im- 
proves to about 10.5 and then falls off, probably because insulin is very 


FIG.2 WARIATION OF RESULT WITH pl AND UNITAGE 
Units OF INSULIN 
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30 (0.125 % Merylresorcinel by Stomach Tube 
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bH 49.9 —104u Insulin (0.125% Octylresoreine by Stomach Tube + O.4mqm Atr Sulf 
ST. 51 
20 40° 60 80’ 100" t 20 40’ 60 100° 120° 


rapidly inactivated at the higher ranges. Several tests were run proving 
by subcutaneous injection that insulin can survive for half an hour or longer 
after incubetion with hexylresorcinol at pH’s from 9.5 to 10.5. When 
11.0 is reached the activity is wholly destroyed by the alkalinity in even 
less than half an hour. 

It should be remarked that ‘“‘suecessful”’ as used in table 1 (see footnote 
to table) takes no account of individual variation. Results on all the 
animals which came within the pH ranges described are lumped together. 
A pH of 9.9 to 10.5 seems at first sight to be extremely high. However, 
no harm to the gastric mucosa (see autopsy reports p. 89) has resulted 
from many repeated doses of such solutions. Moreover, a pH as high as 
9.4 has been found (6) in the ileum of a normal dog with ileal fistula. As 
will be shown later the initial pH does not persist long. 


Oxidized or unoxidized hexylresorcinol. A great deal of attention was 
given to this question. Following in general the procedure of Daggs et al. 
(3) the freshly made hexylresorcino! solution was treated with 10 to 20 
ec. 1.0 per cent FeCl; per 50 ec. and let stand for 5 minutes. Then 25 cc. 
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| per cent NasCOs were added and the resulting precipitate was filtered off. 
The filtered solution stood overnight, sometimes longer, before being used. 
Insulin most commonly was added just before administration. ‘This is 
called the “‘oxidized”’ mixture (see figs. 2 and 3); the unoxidized differed 
only in not having been treated with FeCls. An amount of alkali was 
added necessary to give the desired pH, if not already at that point, just 
before administration. In those tests on the effects of oxidation, little 
variation from the procedure just described occurred. Hydrogen peroxide 
(“superoxol’’?) was tried as an oxidizer but without any improvement 
(figs. 2 and 3). 

The results in table 1 (see also figs. 2 and 3) indicate that there is no 
difference between oxidized and unoxidized hexylresorcinol. There were, 
however, 85 experiments with the former and only 33 with the latter 
The percentage of the total number of experiments done with the oxidized 
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FIG. 3 VARIATION WITH UNITAGE OF INSULIN, ATROPINE, 
HEPTYLRESORCINOL 
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compound and unoxidized respectively on good-reacting dogs as compared 
with poor reacting was nearly the same. Therefore, interindividual vari- 
ability did not invalidate the result. Furthermore, when all the experi- 
ments done at pH’s lower than 9.9 are ruled out there remain 67 with the 
oxidized and 28 with the unoxidized hexylresorcinol compound. Of the 
former 53 per cent were successful and of the latter 75 per cent. Becauss 
of the considerable intra-individual variation this advantage of the un- 
oxidized over the oxidized form might well be nullified if the total number 
of experiments was the same. Our conclusion is that there is no material 
advantage of one over the other. 

Individual variation in dogs. Some dogs respond almost invariably to 
the hexyl-buffer-insulin mixture. Dog 6 was such an animal. Of the first 
12 experiments there was only one failure (fig. 1). Dog 5 gave 5 success- 
ful experiments out of the first 10, and 3 out of the next 10. All these were 
with oxidized hexylresorcinol. Then followed 7 experiments with the un- 
oxidized compound and all were successful. Dog 1 was a notably poor 
reactor as indicated in table 2, but dog 4 was probably better than 
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indicated, the number of experiments being too small for an accurate 
rating. Dogs 2 and 3 probably are rated higher than they deserve, judg- 
ing by the degree of response and the infrequency of good results with other 
types of experiment not included in the table. 


TABLE 1 


NUMBE NU yERAGE BLO 
UMBER OF NUMBER PER CENT AVERAGE BLOOD 


)H OF MIXTURE | INSULIN DOSE 
EXPERIMENTS SUCCESSFULT SUGAR FALL 


Oxidized hexylresorcinol (0.125 per cent) 


cl, units mgm. per cent 
104 6 0 1] 
104 53 55 21 
208 11 j 54 23 
104 15 F 20 20 


Unoxidized hexylresorcinol (0.125 per cent) 


104 0 0 0 

9.0- 98-104 100 16 

208 50 22 
10.4 5 98 ¢ 53 23.! 

10.0 5 49 50 15 


* Kight of these with atropine. 
t ‘‘Successful’’ means a fall in blood sugar of at least 10 mgm. per cent within 40 
minutes and remaining below basal level for at least an hour. 


TABLE 2 
Inter-individual variation 


49 to 208 I.U. insulin, 0.125 per cent hexylresorcinol, pH 9.9 to 10.5. 


DOG* NUMBER NUMBER OF EXPERIMENTS PER CENT SUCCESSFUL 


27 


11 
9 66 
) 66 


25 


Total 
Weighted average. 


* Dogs 7, 8 and 9 are omitted from this table because only one experiment with 
each Was performed at the pH range shown. 


‘Table 2 is presented to indicate the range of interindividual variation. 
All the 89 experiments were performed in a uniform manner except that 
the dosage of insulin for one dog (no. 5) varied from 49 I.U. to 208. What 
we have come to regard as the “standard dose’’ consists of approximately 
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(00 1.U. of insulin with 0.125 per cent hexylresorcinol (oxidized or unoxidized) 
ind a buffer composed of NazCO; and NaHCO; to give a pH of 9.9 to 10.45 
n 100 cc. total solution. The proportionate number of those with oxidized 
to those with unoxidized hexylresorcinol was about 2:1. The average 
percentage of “successful”’ responses, 62, is about 10 per cent higher than 
the average reported by Daggs et al. (3). Weighting the different dogs in 


TABLE 3 
Intra-individual variation 


104 I.U. insulin, 0.125 per cent oxidized hexylresorcinol, pH 9.9 to 10.5. 


GREATEST FALL IN BLOOD SUGAR 


DATE S.T. 
Dog 5 Dog 6 
dynes/cem. 
May, 1937 

6 30.7 13 a) 
+] 32.4 12 37 
1] 32.2 Rise 23 
13 29.9 1] 24 
16 31.0 0 16 
18 31.0 0 23 
20 31.0 14 
23 31.3 Rise 29 
25 31.0 21 
27 31.2 21* 34 
30 31.0 6 

June, 1937 

6 31.4 0 20 

S 31.0 29* 15 
10 31.0 8* 29 
13 31.4 25* 17 
15 31.2 2 21 
20 31.4 16t 15+ 


* 208 units. 
+ 0.2 to 0.3 mgm. atropine subcutaneous. 


proportion to the number of experiments performed with each, results in 
the average 66 per cent. 

Intraindividual variability is indicated by table 3. Even with the two 
best-reacting dogs out of the 10 the variation in response from day to day 
was large. Except for 5 days out of the 17 shown the conditions were 
“standard” as just defined, dog 5 on the exceptional days receiving 208 
1.U. of insulin instead of 104. The two dogs were run on the same day 
and were given identical solutions, having the same surface tension, same 
pH and same dosage of insulin (with exceptions noted). It is clear from 
these results that one cannot expect identical unitage effects from mouth 
administration of insulin under the most favorable conditions. 
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Surface tension. Two methods were used for determination of this 
chemico-physical property of the solutions, the stalagmometer of Traube 
and a home-made surface tension balance similar to the one pictured by 
Bayliss (7). The latter gave somewhat more accurate results when in 
perfect working order, but the former, being more convenient for rapid 
determinations, was used more. The values given in table 3 show how 
much 8.T. may vary with the same percentage of hexylresorcinol but at 
different pH’s between 9.9 and 10.5. When other conditions are uniform 
it is clear that slight variations in S8.T. do not influence the result. Sur- 
face tension varies with different concentrations of hexylresorcinol as 
shown in figure 4. At a concentration of 0.125 per cent or 0.0064M the 
reading for a pure aqueous solution is about 27 dynes per centimeter. 
Out of 40 experiments with solutions between an 8.T. of 30 and 32, thirty 
were “successful” in the sense used in this paper, and out of 10 between 

FiG. 6 


SACRIFICE EXPERIMENT - AMYTAL ANESTHESIA 
INSULIN IN INTESTINAL LOOP (DOG #8) 


FIG. 
Dune Yom CHANGE OF S.T WITH AGE OF SOLUTION 
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32 and 34, nine were successful. Other conditions, however, were 
not quite identical. On account of animal variation no closer definition 
of the optimum §8.T. range can be given at this time. Further attention 
to this property was given in the acute experiments (see below) and will 
be given in subsequent papers. Specially purified resorcinol compounds 
were not employed in these preliminary experiments. 

‘Two of the higher alkyl resorcinols, heptyl and octyl, became available 
to us through the courtesy of Sharp and Dohme, and were employed in a 
few experiments. Several of these were “successful,” thus showing 
that they have an action similar to that of the hexyl compound favoring 
the absorption of insulin. The 8S.T. of the three in equal concentration of 
fresh solutions was nearly the same. However, as the solutions stood 
longer after oxidation with FeCl; the 8.T. rose in a manner peculiar to each 
(fig. 5). This experience enforced the practise of making solutions fresh 
at frequent intervals. Further observations on these and other alkyl 
resorcinols will be found in the following paper. 
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Atropine. This drug was used in some 20 experiments with the purpose 
of inhibiting secretion of the alimentary glands. Table 4 presents com- 
parative experiments on the same dogs under conditions which were identi- 
cal, the slight difference in 8.T. in some of them not being significant. 

Seven of the nine comparisons gave a decidedly greater fall of blood 
sugar with atropine than without, but a definite conclusion is vitiated by 
failure to run controls on the same animals with atropine alone. The 
literature concerning the effect of atropine on blood sugar is conflicting. 
Some experimenters (8) report that it behaves like other parasympa- 
thetic stimulants, depressing blood sugar with small doses but increasing it 

TABLE 4 


Influence of atropine on effect of oral insulin 


Oxidized hexylresoreinol, equal doses of insulin, same pH 


NO ATROPINE 
DOG BLOOD 


DATE ATROPINE | oar FALL DATE an 
4 sugar fall 
dynes/em. mgm. sube dynes/cr 

2 6/24 30.7 0.2 15 4/7 31.5 5 

} 6/25 30.7 0.2 12 5/2 30.0 ) 

5 6/8 31.6 ().2 29 5/27 31.2 20) 

6/10 31.0 0.1 5/25 31.0 1s 

6/15 31.2 0.2 9 5/20 31.0 14 

6/13 31.4 0.2 25 5/23 31.3 7 

6/20 32.4 ().2 16 5/9 32.4 12 

7/5 37.3 0.3 30* 7/7 37.3 14* 

6 6/25 30.7 0.2 12 5/2 x00 5 
Average. 17.3 13.2 


* Unoxidized hexylresorcinol in these two experiments 


with large. Others (9) find that atropine definitely inhibits hyperglycemia 
and still others (10, 11) that it has no effect. 

Enzymes. Daggs et al. (3) found that insulin with hexylresorcinol 
survived incubation for } hour with pepsin at a pH of 2.6. A number of 
similar experiments with trypsin were performed in the present. series. 
To 8 ce. of the usual hexyl-resorcinol-buffer-insulin solutions with pH 
from 8.0 to 11.0 on different occasions 5 mgm. Merck’s trypsin were added 
and the mixture incubated at 37° for 30 minutes. The insulin content 
varied slightly around 10 L.U. Injected subcutaneously it produced no 
drop in blood sugar in 7 of 8 experiments. However, when the mixture 
was first boiled before injection the blood sugar invariably fell. This 
proved that the insulin had survived the incubation with trypsin and the 
latter had really destroyed the hormone after injection. More detailed re- 
sults will be published later. 
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SACRIFICE EXPERIMENTS. A few experiments with intragastric insulin 
protected by hexylresorcinol suffice to determine whether or not a dog will 
respond with a significant fall of blood sugar. Such a dog can then be used 
in a sacrifice experiment with hope of good absorption when the mixture is 
introduced directly into different parts of the alimentary canal. Four 
dogs were used in this manner to obtain the comparative effects of different 
solutions. 

Dial or amytal anesthesia was used, the trachea cannulated, the desired 
portion of the canal exposed and cannulae introduced in such a way that 
the contents could be quickly washed out. Blood was drawn repeatedly 
from any convenient vein, usually the femoral, and after control samples 
were taken the solution appropriately buffered and containing the desired 
quantity of insulin was introduced. Results of two experiments are pre- 
sented in figures 6 and 7. In figure 6 it is interesting to note how the pH 
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of the solution introduced is changed in the course of } hour. A high pH 
invariably is reduced and a low pH is raised. Introduced at the same pH 
equal doses of insulin do not always produce equal effects on blood sugar, 
e.g., the tests at 1:30 and 4:30. In this particular instance a reason can 
be assigned, for in the latter test the blood sugar level was lower initially, 
and it is well known that a given dose of insulin has a lesser effect starting 
from low than from high levels. Comparison with the effect of 4 1.U. 
given intravenously shows that the largest effect with 49 I.U. of intra- 
intestinal insulin is equivalent to only about 2 I. U. intravenously or 
one twenty-fifth of the amount introduced. 

In figure 7 the unitage of insulin and the pH were constant throughout, 
the only variable being in the amount of hexylresorcinol and therefore in 
the S.T. of the solution. The largest effects occurred with 8.T.’s of 37.0 
and 35, (decimal figures are not significant). Equal effects were obtained 
in two trials with solutions having the same characteristics (4:00 and 5:00 
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p.m.). The former contained 0.125 per cent hexylresorcinol and the latter 
(0.25 per cent. Note in figure 4 that these two percentages give the same 
S.T. in pure solution. At the end of the series is proof that insulin is 
absorbed under these conditions from the tied-off stomach. “This has been 
observed several times. 

Autopsy. The acute method was carried out on two dogs (1 and 6) 
which had had a large number of doses of the hexyl-buffer-insulin solution. 
At autopsy following immediately, dog 1 which had been used during the 
day for a variety of experiments with solutions of varying pH’s containing 
insulin, placed in a segment of the lower duodenum and upper jejunum, 
showed absolutely no gross pathology. The mucosa even of the segment 
was perfectly normal. Dog 6 is of special interest for the reason that it 
had received a dose of the “standard” solution practically every other day 
for a period of 10 weeks. On the sacrifice day a segment of lower duo- 
denum and upper jejunum had received 8 doses (fig. 7) and the stomach, 
tied off, had received one which remained one hour. At autopsy immedi- 
ately after the last test the mucosa of the stomach was mottled with red 
indicating some extravasation from capillaries. That of a small portion 
of the antrum on the side of the greater curvature was abnormally smooth 
and uniformly pale in color. The mucosa of the duodenum above the 
segment was mottled with injected red spots and covered with bile-stained 
mucoid material. About an inch of the duodenum immediately adjacent 
to the segment showed a perfectly normal mucosa. The mucosa of the 
segment itself appeared grayish yellow in color, was non-injected but was 
covered with a considerable amount of slimy, light-yellow adherent mucoid 
material in shreds. The mucosa of the jejunum outside the segment, 
the ileum, colon and rectum appeared perfectly normal. All other ab- 
dominal viscera appeared normal except the spleen which had a grayish, 
slightly roughened area 1 em. square next to the diaphragm. Histologi- 
cally there was questionable evidence of damage to the mucosa of the ex- 
perimental segment. A few round cells and an occasional polymorpho- 
nuclear leucocyte were found in the epithelium and there was here and there 
what looked like a peculiar cellular precipitate on the surface of the mucosa, 
as if a small strip of the surface epithelium had been loosened and under- 
gone necrosis. The vulnerable portion of the G-I tract from the repeated 
use of these solutions plainly is the mucosa next the pylorus on the stomach 
side and that of the upper duodenum. 

EXPERIMENTS ON NORMAL MEN. Ten normal men, members of staff 
and medical students, submitted to the experiment of drinking on empty 
stomach 200 ec. of the “standard” solution containing 0.125 per cent hexyl- 
resorcinol buffered at pH 10.5, but containing variable quantities of insulin. 
The effect on blood sugar, as shown in table 5, was quite variable. ‘Two 
subjects repeated the test for five times. One, W. P., gave three com- 


90 L. EK. YOUNG, W. A. PHILLIPS AND J. R. MURLIN 


pletely negative results, one doubtful and one plainly positive. The other, 
L. Y., gave one completely negative, two doubtful and two positive. 
Another subject, K. D., took two doses of the solution containing 392 
I.U. with negative results. The largest effect was with T. 8. who showed 
a drop of blood sugar in 40 minutes of 46 mgm. per cent. This subject 
has been tested a number of times since and always with a positive result. 


TABLE 5 


Experiments on normal men 


UNOXIDIZED 

DATE, 1937 SUBJECT 1.U. HEX YLRESORCINOL MINUTES 
OF BLOOD SUGAR 

0.125 PER CENT 


wend 
8/17 WP. 98 50 30 
8/17 98 50 5 30 
8/17 J, Da. 588 100 6 30 
8/17 M.S. 588 100 0 

8/18 i 392 100 31 40 
8/18 245 100 10 
8/19 i 392 100 17 40 
8/19 = 392 100 21 40 
8/19 M. S. 392 100 21 40 
§/20 E. P. 392 100 22 10) 
8/20 392 100 0 

8/2] M.S. 392 100 7 40 
8/21 W..?. 392 100 0 

8/21 392 100 

8/24 we. 392 100 0 

8/24 392 100 4 40) 
8/24 a £ 392 100 5 40 
9/17 ‘hs $20) 100 16 40 
9/17 5. FP: 420 100 7 40 
9/17 Gi. 420 100 0 40 
9/17 M. S. $20) 100 13 40 
9/17 G. B. 400 Enteric tablets 0 

9/17 K. D. 400 Enteric tablets 0 

9/16 Dog 5 100 Enteric tablets 16 60 
9/16 Dog 4 200 Enteric tablets 11 60 


Iinteric coated tablets containing 50 1.U. of insulin each were also tried 
on two subjects, G. B. and Kk. D., but without any effect. On two dogs 
the same tablets gave very moderate effects with 100 and 200 I.U. 

There was no serious gastric distress produced by the solutions except 
in one instance when the subject did not understand that he was to drink 
water at the first appearance of symptoms. He had “indigestion” for a 
couple of days. 


SUMMARY 


Nearly 300 experiments on ten dogs have confirmed the favoring effect 
of hexylresorcinol in alkaline solution on the absorption of insulin from the 
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alimentary tract. The heptyl and octyl resorcinols also have this 
property. 

The optimum pH range of the intragastric mixture for maximum effect 
is from 9.9 to 10.5. 

Surface tension of the solutions as introduced was measured and in the 
most effective ones lay between 30 and 34 dynes per centimeter. 

Most of the experiments were carried out after subjecting the hexyl- 
resorcinol solution to the oxidizing influence of ferric chloride, but it was 
found subsequently that this procedure was unnecessary. 

Atropine by virtue of its inhibiting action on alimentary secretions aided 
in the prevention of proteolysis of insulin. 

No absorption ever was obtained with the mixture of alkaline salts and 
insulin alone and no drop in blood sugar from a solution not containing 
insulin. 

Insulin protected by hexylresorcinol will survive incubation for one- 
half hour with trypsin. Unless the solution is boiled before injection, 
however, the trypsin wil! destroy insulin afterward. 

A method was devised for testing the relative efficacy of many solutions 
on a single day in the dog anesthetized with amytal. Such experiments 
with solutions introduced into a segment of the intestine prove that there 
is very rapid buffering of high or low pH’s. The insulin effeet on blood 
sugar can be determined in one-half hour. Under identical conditions it 
is quite regular. Dogs differ, however, in their susceptibility to the in- 
duction of absorption. Absorption of insulin from all regions of the in- 
testine and from the tied-off stomach was proved. 

The effect on blood sugar of insulin placed directly into the intestine 
(lower duodenum-upper jejunum) is, in some dogs, not greater than that 
of 1/25th as much injected intravenously, or one-tenth as much injected 
subcutaneously. At best, therefore, the absorption is very limited. 

Both dogs and normal men exhibit great variability of response both 
inter- and intra-individually to this method of administering insulin. 
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A COMPARATIVE STUDY OF THE EFFECT OF ALKYLRESOR- 
CINOLS AND RELATED COMPOUNDS UPON THE ABSORP- 
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Previous reports from this laboratory clearly demonstrate the effective- 
ness of hexylresorcinol in promoting the absorption of insulin from the 
gastro-intestinal tract under varied conditions. The original observa- 
tion of Murlin, Tomboulian and Pierce (1) that this phenolic agent caused 
the absorption of insulin from Thiry-Vella loops of normal and depan- 
creatised dogs was studied in greater detail by Daggs, Murlin and Murlin 
(2) who demonstrated that a slightly alkaline solution of hexylresorcino! 
and insulin produced a significant drop in the blood sugar when given 
orally to normal dogs. In the paper immediately preceding (3), the con- 
ditions necessary for maximum absorption have been analysed and an 
acute method of testing developed. In addition, the successful administra- 
tion of the resorcinol-insulin solution to normal men has been reported. 

The efficacy of this simple chemical agent in assisting the passage of the 
more complex insulin molecule through the wall of the digestive tract into 
the circulating blood stream suggested that other compounds of similar 
chemical structure should be studied. Such a study would make possible 
further search for compounds of greater activity than hexylresorcinol 
and also further clarification of the mechanism of the action,of this sub- 
stance. The possibility of finding a substance even more efficient than 
hexylresorcinol is of considerable importance since this compound, al- 
though the most active employed in this laboratory, possesses certain 
limitations as discussed in the previous publications. The action of the 
hexylresorcinol was considered to be due to its surface-tension lowering 
effect at the surface of the intestinal mucosa or to the formation of a 


combination product with the insulin molecule which permits a spatial 
rearrangement. 


With these objectives in mind we have made comparative studies of 
homologous members of this series of alkylresorcinols, including ethyl-, 
1A preliminary report of these results was made before the American Physio- 
logical Society at Baltimore, Md., 1938. This Journal 123: 181, 1938. 
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propyl-, butyl-, pentyl-, heptyl- and octylresoreinol. The alpha carbonyl 
derivatives of some of these have also been tested as well as certain other 
compounds of similar chemical nature. The heptyl- and octylresorcinols 
have been tested previously (3) but are included here in order to make a 
more complete comparison under uniform conditions. 

IxXPERIMENTAL. For the purpose of facilitating rapid and comparative 
testing of the various compounds the acute experimental method described 
in the preceding paper (3) has been adopted. In these experiments a 
loop of ten to twelve inches of lower duodenum and upper jejunum of male 
mongrel dogs under amytal anesthesia was cannulated at either end, and 
in such a fashion that the circulation of the isolated loop was not disturbed. 
Immediately after the isolation of the loop, it was thoroughly washed with 
physiological saline at 37 to 38°. Following the removal of three normal 
blood samples from the femoral vein at twenty minute intervals the solu- 
tion to be tested was introduced into the loop and allowed to remain there 
for a period of thirty minutes, at which time a blood sample was drawn. 
The intestinal loop was then washed out and after an interval of thirty 
minutes the process was repeated. In the case of those experiments in 
which positive results were obtained the intervening period of thirty 
minutes was found sufficient to allow the blood glucose to return to the 
normal level. Glucose determinations were made by the method of 
Shaffer and Hartman as described by Shaffer and Somogyi (4), using the 
zine precipitation procedure of Somogyi (5). 

The substances to be tested with the exception of a few that were readily 
obtained from outside sources were synthesized in this laboratory, and in 
the majority of cases were repurified before subjecting to test. The test 
solutions in these experiments contained sufficient compound to furnish 
a final concentration of 0.005 molar, 10 ce. of 2 per cent sodium carbonate 
and 2.5 ec. of 2 per cent sodium bicarbonate. Just prior to administra- 
tion the solutions were warmed to 37° and 2 cc. of insulin containing 50 
units were added, making a final volume of 50 cc. Under these conditions 
the solutions were found to have a pH of 10.0 to 10.5. 

The blood glucose curves of representative animals in figure 1 illustrate 
the characteristic response obtained with various test solutions. Control 
experiments have demonstrated that solutions of the effective compounds 
containing no insulin and insulin solutions without the resorcinol deriva- 
tives produce no change in the blood sugar. The results of all of the tests 
made with the alkylresorcinols are summarized in table 1. Further evalua- 
tion of the results has been made by recording the number and per cent of 
positive experiments, that is, those in which the insulin containing solution 
produced a decrease in blood glucose of 5 or more milligrams per cent. 
For the sake of comparison the surface tension of the test solutions has 
been recorded. These were determined with the Traube stalagmometer. 
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The synthesis of the ethyl-, propyl-, butyl- and pentylresoreinols fron 


resorcinol and the corresponding fatty acid by the method of Johnsor 
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Fig. 1. Typical blood glucose curves demonstrating effect of introduction and 
removal of test solutions in intestinal loops of dogs under sodium amytal. 

Fifty cubic centimeters of solution, 0.005 molar in test compound, containing 50) 
units of insulin and NasCO3;-NaHCO; to make pH 10 to 10.5. 

Fig. 2. Alkylresorcinols. Comparison of average decrease in blood glucose, 
bactericidal action and decrease in surface tension. 

Decrease in blood glucose © 

Bactericidal action 

Decrease in surface tension (73 — 8S. T. of test solution) ----- (3) 

Phenol coefficients (Data of Dohme, Cox and Miller) 


TABLE 1 


Sum mary of alkylre sorcinol tests 


POSITIVE 

BLOOD GLUCOSE CHANGE 
RESORCINOI NUMBER EXPERIMENTS BURFACI 
DERIVATIVE OF TESTS TENSION 


Average Range Number Per cent 


mgm. dynes/cem. 
Ethyl +] to ‘ 73 
Propyl 2 to 3: 66 
Butyl 6 +5 to —% j 63 
Pentyl ) to 7 10) 
Hexyl to 2: < 34 
Hepty! 2.4 2 to 2: 26 
Octyl : d to 25 


and Lane (6) as modified by Dohme, Cox and Miller (7) yielded the alpha 
carbonyl derivatives as intermediates. Their ready accessibility made 
possible the testing of the effect of the introduction of the ketone group in 
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the alkyl side chain upon the absorption of insulin. However, all four 
compounds were completely ineffective under the conditions used. It is 
of interest in this connection that these compounds do not produce signifi- 
cant lowering of surface tension of the test solution. Because of the 
negative results obtained none of the higher homologues of the carbony!] 
compounds have been tested as yet. 

Among other compounds of somewhat similar chemical structure that 
have been tested may be mentioned the esters, butyl-6-resorcylate, butyl- 
salicylate and butyl-p-hydroxybenzoate, 2,4-dihydroxybenzoic acid, n- 
butyropyrogallol, p-ter-butyl-phenol, tyrosine, salicylic acid, orcinol and 
thymol. With none of these was there any significant indication of ab- 
sorption of insulin as determined by analysis of the blood glucose. 

Discussion. The results of comparative tests clearly indicate that 
among the homologous alkylresorcinols tested, hexylresorcinol is the most 
efficient in promoting the absorption of insulin from the intestine. This 
superiority of the six carbon derivative likewise has been demonstrated 
by Dohme, Cox and Miller (7) in the case of bactericidal action when 
determined as phenol coefficient. For sake of comparison these two proper- 
ties as well as the effect on surface tension is graphically presented in 
figure 2, from which it is apparent that the effectiveness in promoting 
insulin absorption and the phenol coefficients of the alkylresorcinols do not 
parallel the surface tension lowering properties. 

The lack of correlation in these three properties in the case of the longer 
chain resorcinol derivatives is evidence that the former effects are not 
dependent on the hydrophyllic-hydrophobie properties of these compounds, 
although the evidence is insufficient to exclude this factor entirely, par- 
ticularly in light of the correlation among the lower homologues. Among 
other factors concerned, the specific inhibitory action of hexylresorcinol 
upon digestive enzymes should be mentioned. The protection of insulin 
against hydrolysis by pepsin (2) and trypsin (3) has been confirmed and 
extended to erepsin. The results of the enzyme experiments and others 
relating to the mechanism of hexylresorcinol action will be reported at 
a later date. 

The specificity of the alkylresorcinol molecule in promoting absorption of 
insulin from the intestine is emphasized by the failure of the ketone deriva- 
tives in the test procedure. Furthermore, the importance of the hydro- 
carbon side chain is borne out by the negative results obtained with the 
ester, butyl resoreylate. 

It should be pointed out that this acute method of testing insulin ab- 
sorption is a procedure which lends itself particularly well to the testing 
of the absorption from the intestinal tract of a wide variety of substances, 
particularly those which produce a measurable physiological response or 
which may be detected in the blood by chemical means. Also the ques- 
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tion may be raised whether the action of hexylresorcinol in promoting ab- 
sorption is limited to insulin alone, or may be of value in the oral 
administration of other hormones or therapeutic agents. 


SUMMARY 


The effect of the alkylresorcinols, ethyl-, propyl-, butyl-, pentyl-, hexyl-, 
heptyl-, and octyl-, on the absorption of insulin from isolated loops of th« 
small intestine of anesthetized dogs has been compared. 


Of these compounds hexylresorcinol causes the greatest absorption ot! 


insulin as determined by analysis of blood glucose. The lower and highe1 
homologues of hexylresorcinol exhibit decreasing effects. 

Kvidence is presented to indicate that the hydrophyllic-hydrophobic 
nature of hexylresorcinol is not the only factor involved in promoting in- 
sulin absorption. 

Other compounds of somewhat similar chemical nature have been tested 
and found to be without effect under the conditions used. 
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It has long been known that atrophy of skeletal muscle is an inevitable 
result of motor denervation. However, it is not clear to what extent 
various experimental procedures may alter the rate of atrophy. Langley 
(1916) observed that the rate of weight loss from denervated muscle was 
not appreciably affected by either electrical stimulation or passive manip- 
ulation. He suggested that the muscular atrophy following denervation 
might be the result of exhaustion due to the continuous fibrillary contrac- 
tions. It was also observed by this investigator that these contractions 
could be lessened or abolished by the local application or intravenous 
injection of soluble calcium salts. Hartman and Blatz (1919 20) found 
that the functional power of denervated muscle was not benefitted by 
either galvanic stimulation or massage. Fischer (1939) reported that 
treatment by faradic and galvanic stimulation markedly delayed the rate 
of atrophy in denervated muscle. Neuburger and Scholl (1937) reported 
that the subcutaneous administration of acetyl choline retarded or pre- 
vented the muscular atrophy resulting from the immobilization of the 
hind limb joints. In many of the previous investigations concerned with 
attempts to delay atrophy, the duration of the periods of treatment have 
been relatively short. If such treatments were effective only during the 
periods of their application, the benefits derived therefrom would be small 
as compared to those that might result from continuous or more prolonged 
procedures. 

EXPERIMENTAL PROCEDURE. This report is concerned with attempts 
to modify the rate of atrophy in the denervated gastrocnemius muscle of 
the rat. The muscles were prepared by removing a section of the sciatic 
nerve at the level of the trochanter. An equal number of experiments 
were made upon the right and left limbs in order to avoid possible errors 
due to any differences in the weights of opposite muscles. After a period 
of time as designated in table 1, the animals were sacrificed and the wet and 
dry weights of the muscles from the two limbs were determined. 

A series of experiments was performed to determine the effect of changes 
in tension upon the rate of atrophy. Series 1: Experiments were per- 

97 


YS H. M. HINES AND G. C. KNOWLTON 


formed upon 14 animals in order to study the effects of tension changes 
in the denervated muscles resulting from the contraction and tone of the 
antagonistic groups. This was done by denervating the gastrocnemius 
of both limbs and immobilizing the antagonists in one limb by section ot} 
the femoral nerve. Series 2: In another geoup of animals the muscles 
were denervated and tension placed upon them by immobilizing the foot 
in a position of extreme flexion. Series 3: Studies were made concerning 
the effects of loss of tension resulting from tenotomy upon normally in- 
nervated and denervated muscle. ‘Tenotomy was performed by clipping 
off the os caleis and suturing it to the skin. In order to minimize the 
errors due to connective tissue growth in the operated tendons, the pre- 


TABLE 1 
The effect of various conditions upon the rate of muscular atrophy 


PER CENT OF WEIGHT LOST FROM MUSCLE 


(DRY BASIS) 
EXPERIMENTAL CONDITION 


5 days 7 days 14 days 


Denervation +0.61 24.9 +1.19 + 
Tenotomy. 18.3 +1.11 35.8 + 
Denervation and tenotomy 24.6 +3.19 + 
Denervation and flexion 30.1 +1.76 
Denervation and parathyroid 
Denervation and acetyl choline 26.1 +0.94 
Per cent difference between weight 

of muscle with sciatic section 

and muscle with sciatic and fem- 

oral section 
Per cent difference between weight 

of stimulated and non-stimu- 

lated denervated muscle. . 


* Wet weight loss. 


caution was taken before weighing of removing the tendon at the junction 
of the muscle in both control and denervated tissue. 

The effeet of activity upon the rate of atrophy was studied in experi- 
ments upon 5 animals. The sciatic nerves were sectioned in both limbs. 
Supermaximal induction shocks at the rate of one per second were applied 
to the gastrocnemius of one limb through needle electrodes for a period of 
120 hours. The foot was anchored in a loose, well-padded support and 
weighted with a load of 20 grams. The unstimulated denervated muscle 
of the opposite limb served as a control. The animals were kept under 
light luminal anesthesia throughout the experiment and given a sub- 
cutaneous injection of 2 ce. of 10 per cent solution of dextrose every eight 
hours. 
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K:xperiments were carried out concerning the effects of a hypercalcemia 
induced by the administration of parathyroid hormone upon the rate of 
denervation. Seven animals were operated upon and given daily for 14 
days a subcutaneous injection of 300 units of parathyroid extract (Lilly). 
Nine animals were prepared as above and given an average amount of 50 
units of parathyroid extract for 5days. Before the animals were sacrificed, 
samples of blood were drawn, pooled and analyzed for serum calcium. 

Attempts were made to modify the rate of denervation atrophy by the 
administration of acetyl choline. Amounts of 10 mgm. were injected 
twice daily for a period of seven days and the weight loss of the denervated 
muscle compared with that in untreated controls. 

RESULTS AND Discussion. The results of the various experiments are 
summarized in table 1. The average values for the per cent of dry weight 
lost from muscle are given together with the standard errors, caleulated 
from the formula o/4/n—1 where o is the standard deviation and n, the 
number of experiments. The rate of atrophy of the rat’s gastrocnemius 
following denervation was found to be a rapid and uniform process in 
fully grown animals and to follow the equation for a reaction of the first 
order (Knowlton and Hines, 1936). The determination of the rate of 
weight loss following tenotomy:‘ was confronted with more difficulties than 
following denervation. The chief obstacle was the tendency for the rapid 
regeneration of tissue offering a tension attachment for the muscle. The 
animals which were reoperated upon at the end of 7 days to remove re- 
generating tissue showed somewhat greater weight loss from the muscles 
after 14 days than was found when only a single operation was performed. 
Because of the rapid regeneration of tendon tissue, observations were not 
made for periods longer than 14 days. 

However attractive the hypothesis that the creation of tension in muscle 
is an important factor in the prevention of denervation atrophy may be, 
it is diffieult to obtain direct experimental evidence for its support. Thus 
it was found that the abolition of the passive stretching of the paralyzed 
muscles resulting from the contraction of the antagonists did not modify 
the rate of atrophy. The experiments in which the gastrocnemius was 
passively stretched to the maximum extent permitted by the ankle move- 
ment showed no evidence of retarded atrophy. In fact, the loss of dry 
weight is slightly in excess of that found in control experiments. How- 
ever, it was difficult to avoid slight interferences with the circulation in- 
duced by the immobilization technique. Such circulatory disturbances 
were indicated by the presence of a higher water concentration in the 
muscles than usual. 

The rate of muscular atrophy following tenotomy was found to be ap 
preciably and consistently slower than that following denervation during 
a 2 weeks period of observation. This finding might be interpreted as 


LOO H. M. HINES AND G. CC. KNOWLTON 


evidence for the existence of factors other than the loss of tension ir 
denervation atrophy. Although tenotomy prevents the muscle as a whol 
from developing effective tension, it is quite possible that the muscle mass 
offers enough support for tension development in some muscle fibers so as 
to delay the vate of atrophy of the muscle as a whole. It is to be noted from 
the average values in the table that tenotomy combined with denervation 
allows precisely the same rate of weight loss as denervation alone. 

The experiments in which the denervated muscles were directly stimu- 
lated at the rate of 1 per second for a continuous period of 120 hours offe: 
no evidence for the idea that the loss of tension is an important factor as 
the cause of muscular atrophy following denervation. During this period 
of time the denervated rat’s gastrocnemius muscle loses approximately 
one-sixth of its dry weight and the rate of weight loss was not affected at 
all by the 432,000 contractions artificially elicited during this time. Dur- 
ing the intervals between stimuli the load applied to the foot allowed for 
more passive tension than existed in the control denervated muscle of the 
opposite limb. 

In our experiments parathyroid hormone administration caused an 
elevation of 35 per cent in the serum calcium concentration. This condi- 
tion, however, had no effect on the rate of muscular atrophy.  Fibrillary 
contractions were present in the muscles, but it was difficult to determine 
from observation whether their intensity had been altered. Amounts of 
acetyl choline twice that employed by Neuburger and Scholl in experiments 
on rabbits failed to modify the rate of denervation atrophy in rat’s muscle. 
The futility of employing such substances as acetyl choline and parathyroid 


extract in the treatment of denervation atrophy is apparent. 
Tower (1937) made a careful study of the atrophies of disuse and con- 


cluded that the nervous system prevented muscular atrophy through 
its role of creating tension and that both physical integrity of innervation 
and activity were essential for the maintenance of the normal state of this 
tissue. The results of tenotomy offer the most convincing arguments for 
the importance of tension per se. However, our knowledge concerning 
the quantity of nerve activity exercised over muscle following tenotomy is 
too meager to permit the proper evaluation of any neurotropic influences 
that may be involved. If tension and activity per se are important factors 
in the prevention of denervation atrophy, it is difficult to explain why the 
numerous and varied measures employed in this investigation have failed 
to alter the rate of atrophy to a significant extent. Changes in the rate 
of denervation atrophy can be brought about by such conditions as fasting 
and alterations in the amounts of thyroid hormone in the system (Hines 
and Knowlton, 1934). It would appear as if contraction and tension 
resulting from either automatic fibrillary contractions or produced by 
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artificial means cannot be substituted for the physiological conditions 
resulting from the natural activation of a muscle through its nerve. 


SUMMARY 


Studies were made concerning the effect of various conditions upon the 
rate of atrophy in the denervated gastrocnemius muscle of the rat. 

The administration of acetyl choline and a hypercaleemia induced by 
parathyroid extract were without influence upon the weight loss from 


denervated muscle. It was found that the rate of atrophy due to tenotomy 


was somewhat slower than that due to denervation. A combination of 
denervation and tenotomy resulted in a rate of atrophy equal to denerva- 
tion alone. Passive extension and electrical stimulation did not affeet 
the rate of atrophy. 

It is concluded that tension and activity elicited by artificial means can- 
not be substituted for the neurotrophic effects resulting from the natural 
activation of muscle by nerve. 
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After the identification of nicotinic acid as the dog antiblack tongu 
factor the third member of the vitamin B complex became available it 
crystalline form. Thus the essential nature of thiamin, riboflavin and 
nicotinic acid in the nutrition of the dog is quite well established. Th: 
role of the other members of the B complex is not as well known, although 
the work of Fouts et al. (1, 2) indicates that vitamin Bg is also essential for 
dogs. Since dogs grow normally on the Goldberger ration or modifica- 
tions of the ration when supplemented with thiamin, riboflavin and nico- 
tinie acid, it is evident that if the dog needs additional members of the B 
complex the 72 per cent corn in the diet adequately supplies these factors. 
We became interested, therefore, in studying the response of dogs fed a 


highly synthetic vitamin B complex-free ration supplemented with pur 
thiamin, riboflavin, and nicotinic acid. It was thought that this would 
be the most satisfactory approach to the problem of determining qualita- 
tively the requirement of the dog for the other members of the vitamin 
B complex. It is the purpose of this paper to report some observations 
made in the study of this problem. 


IXPERIMENTAL. The ration used was that suggested by Street (3) 
with a few minor modifications. It has the following composition: 


Per cent 
Purified casein (washed & times, reprecipitated twice) 19 
Sucrose 66 
Cottonseed oil 
Cod liver oil 3 
Salts 35 { 


100 


1 Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 

2 Supported in part by grants from the Wisconsin Alumni Research Foundation 

3’ We are indebted to the W.P.A. project no. 8649 for assistance in the care of 
animals. 

‘Ph Lilly and Company Fellow 

5 Salts 3 is the same as salts 1 (4) with an additional 1.21 gram MnSO,-4H,0 per 


kilo of salt mixture. 
102 
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Phis mixture was supplied ad libitum. In addition each dog was given by 

outh both thiamin and riboflavin in aqueous-aleoholic solutions at a 
evel of 100 micrograms per kilogram of body weight per day, and nicotinic 
acid per os as a solution of potassium nicotinate at a level of two milli- 
grams per kilogram of body weight per day.® 

Litters of young mongrel puppies were used in all of the experiments 
‘They were placed on the basal ration shortly after weaning and deworming. 
All the animals ate the ration well and showed an initial growth response, 


but a plateau in the rate of growth soon appeared which was followed hy 


a subsequent rapid decline in weight and death unless a proper supplement 
was given. When the ration was supplemented with 2 per cent liver ex- 
tract normal growth resulted (see assays 1 and 2, table 1). The liver 
extracts used were kindly furnished to us by Dr. David Klein of Wilson 
and Company and were all extracts from which the pernicious anemia 
factor had been removed (nos. 33971, 36997, 36097 and 37431), except in 
the case of the liver extract powder, 1-20. 

The immediate problem was therefore the determination of the growth 
promoting effect of various fractions from liver extract known to be potent 
sources of the newer members of the vitamin B complex. The factors 
studied in particular were factor W and the rat antidermatitis factor, 
vitamin Bs. The assay procedure used in nearly all cases was to produc 
a growth plateau on the basal ration, and then follow the growth response 
after the addition of fractions to the basal ration. Results of all assays 
of liver fractions are given in table 1. Since the assay dogs varied 
considerably in size, each dog is lettered according to his litter in order to 
more Clearly demonstrate the quality of response obtained. 

Factor W. Since the original work on factor W (5) revealed the alcohol- 
ether precipitate fraction of liver extract powder to be a potent source of 
this vitamin, it was first tried at a level equivalent to 2 per cent of the 
ration. Results of two assays (nos. 3 and 4) of this fraction showed it 
to be highly active for the dog. Since, however, it is a very crude fraction 
with a high total solids content, it was decided to try more purified prepara- 
tions of this factor. 

The acid acetone extract of liver extract described by Frost and Elveh- 
jem (6) was found by biological assay to be an excellent source of both 
factor W and the chick antidermatitis factor. The more purified Sar- 
gent’s Fuller’s earth filtrate of this preparation was also found to retain 
the activity so that this fraction was used in some of the dog assays. 
Results from a number of assays of the extract and combinations of its 
Fuller’s earth filtrate and pyridine methanol eluate or the filtrate and 


6 We are indebted to Dr. D. F. Robertson of Merck and Company for generous 
supplies of thiamin, nicotinic acid and vitamin Beg. 
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TABLE 1 


LIVER FRACTION AND LEVEL 


‘ent liver extract 33971 
‘ent liver extract 33971 
‘ent alcohol-ether ppt. 


per 


) 
2 per 
2 


per 


per 


‘ent alcohol-ether ppt. 


6 per cent acid acetone filtrate and 6 
per cent pyridine-methanol eluate 
of Fuller’s earth adsorbate of acid 
acetone extract from 3397] 

4 per cent acid acetone extract from 
36997 

+ per Fuller’s earth 


cent uneluted 


from extract from 
36997 

2 per cent filtrate and 2 to 4 per cent 
Fuller’s earth from acid acetone 
extract from 36997 

3 per cent 
36997 


acid acetone 


acid acetone residue of 


3 per cent acid acetone residue and 2 
to 4 per cent acid acetone filtrate 
from 36997 

3 per cent acid acetone residue of 
36997 


w 


per cent acid acetone residue of 
36997 and synthetic Be 

per cent acid acetone residue of 
36997 


w 


3 per cent acid acetone residue of 
36997 and 2 per cent hexane-butanol 
ext. of 36097 

per cent rice bran 


per cent hexane-butanol extract 


of 37431 


3 per cent hexane-butanol extract of 
36097 and synthetic Be 


AND 


W EIGHT 


INITIAL 


2.75 
3.15 
2.23 
9] 
1.76 
2.37 
2.83 
1.90 
2.45 
1.95 
2.43 
2.30 
2.19 
3.72 
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PERIOD 


TEST 


10 


29 


50 


50 


88 


95 


REMARKS 


GROWTH 


TOTAL 


1.2 Good growt! 

1.43 Good growt! 

1.67 | Good growt! 

Good growt! 

Small dog 

0.00 

0.05 Dog died 

0.05 Poor growth 

0.33 | Dog failing 

0.66 Fair growth 
then pla 
teaued 

0.33 Poor growth 
then pla 
teaued 

0.98 Goed growth, 
then pla- 
teaued 
small dog 

0.70 | Growth re- 
sumed 

0.78 Good growth, 
then pla- 
teaued 
small dog 

0.10 Little im- 
provement 

0.72 | Slight growth, 
then pla- 
teaued 

1.53 Fair growth, 
then pla- 
teaued 

0.93 Good growth 
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TABLE 1—Concluded 


LIVER FRACTION AND LEVEL 


NUMBER 
NUMBER 


REMARKS 


LITTER 
INITIAL 
WEIGHT 
TEST 
PERIOD 
GROWTH 


| poe 


| 


4 per cent English Fuller’s earth fil- 
trate of hexane-butanol extract of 
37431 

3 per cent pyridine-methanol eluate | 2.7! > Slight rise, 
of Fuller’s earth adsorbate of 37431 then fall in 


to 


Dog failing 


weight 
3 per cent uneluted Fuller’s earth ad- | 2.7: 7 Slight rise, 
sorbate of 37431 then fall in 
weight 
3 per cent uneluted Fuller’searthad- | 2.82) 25 Good growth, 
sorbate and 2 per cent filtrate from then pla- 
37431 teaued 
Same as assay 21 plus synthetic B, 2 23 Good growth 


uneluted Fuller’s earth show that this fraction produces very little growth 
(assays 5, 6, 7, and 8). 

Since the liver extract residue after the acid acetone extraction was 
found to retain considerable factor W and pantothenic acid activity as 


determined by rat and chick assays, it was decided to test this residue at a 
level equivalent to 3 per cent of liver extract. All assays were positive, 
yet growth seemed somewhat retarded and the animals eventually pla- 
teaued (nos. 9, 11 and 13). Addition of the acid acetone filtrate to the 
residue did not enhance growth in the one assay in which the combination 
was tried (no. 10). At all events, there was growth response from the 
residue as contrasted to the decline and death from the extract or its frae- 
tions. <A still more purified concentrate of factor W, namely, the hexane- 
butanol extract (Black and Elvehjem, unpublished), was found to promote 
practically normal growth at a level equivalent to 3 per cent of the original 
liver extract (assay 16). One animal has subsisted for 138 days on this 
supplement but developed a severe microcytic hypochromic anemia 
after the hundredth day. Such an anemia has been reported by Fouts et 
al. (1, 2) and has been shown by these workers to be due to deficiency of 
vitamin Be. Our experience with the anemia will be considered along with 
our other work with that factor. Repeated shaking of the hexane-butanol 
extract with English Fuller’s earth at pH 1.0 produced a concentrate which 
allowed no growth upon assay (no. 18), yet when this filtrate was tested 
for factor W activity using rats, it was found to retain nearly all of the 
original potency. This indicates that an important factor for the dog was 
adsorbed on Fuller’s earth. 
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Vitamin Bs. In the above assays little attention was paid to the 1 
antidermatitis factor. Since some liver extracts are at least a fair sou 
of the vitamin, and since the work of Fouts et al. (1, 2) indicates it to b 
factor of nutritional importance only over a longer period of time than ou: 
short assay periods, it was assumed that the above fractions might carry 


enough of the factor to satisfy the requirements. At this time the syn- 


thesis of vitamin Bs was accomplished by the Merck and Company grou, 
(7) and it became available for investigational purposes. Since we had 
experienced loss of growth promoting activity on treatment of some fra: 
tions with Fuller’s earth, a procedure known to remove Be, it seemed ad 
visable to check the above assumption by adding the synthetic vitami 
J3, to the basal ration. The level used was that reported by Fouts et al. 
2) to be curative for the microcytic hypochromic anemia in their dogs 
60 micrograms per kilogram of body weight per day. The vitamin wa: 
administered in aqueous-alcoholic solution by mouth. Dog 12 (assay 12 
showed an immediate growth response when vitamin Bs was thus added 
to the ration. An experiment was then set up with a litter of four puppics 
to study the réle of the rat antidermatitis factor when given alone and wit! 
other supplements to the basal ration. All dogs received vitamin B, 
after growth plateau on the basal ration. In addition, dog 15 received « 
two per cent equivalent level of a Sargeant’s Fuller’s earth filtrate from 
whole liver extract. Dog 16 received a three per cent equivalent level ot 
the Sargeant’s Fuller’s earth filtrate of the acid acetone extract. Dog 17 
received a three per cent equivalent level of the Sargeant’s Fuller’s earth 
adsorbate uneluted from whole liver extract. The growth response oi 
these animals is shown in figure 1. 

Dogs 15 and 16 showed excellent growth and continued in a normal con- 
dition throughout the assay period. Dogs 14 and 17 receiving no filtrate 
preparations grew very poorly and after the original response showed « 
growth plateau very similar to those dogs on the basal ration. Comparison 
with other litters seemed to indicate that the presence of vitamin B, 
in the ration delayed the onset of failure to some extent, yet a possibility 
of storage of the other factors must not be disregarded. On the first sign 
of serious decline of dog 14 a still more highly purified concentrate of facto: 
W was given. This fraction was prepared from the hexane-butanol ex- 
tract (Black and Elvehjem, unpublished) and did not retain full activity 
for the rat, but the response given by the dog was immediate and a marked 
improvement of appetite, condition, and activity of the dog resulted. 
However, growth soon ceased and the animal declined rapidly in spite of 
large doses of the concentrate by mouth. The animal passed into a pecul- 
iar comatose state characterized by regular convulsive flexor jerks of the 
legs and neck, initial bradycardia followed by an extreme tachycardia and 
hypernea. The initial high temperature subsided toward the end of life, 
and death ensued about six hours after the onset of symptoms. 
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The anemia of dog 7 previously mentioned in connection with assay of 
the hexane-butanol extract reached a level of 4.32 grams of hemoglobin 
per 100 ec. of blood at the 108th day. The hematocrit reading was only 
14 per cent, while the red cell count was 3.74 million, and the cell volume 
calculated to 37 cubic microns. These findings are in striking accordance 
with those of Fouts et al. (1) and indicated strongly a deficiency of vitamin 
3, This vitamin was therefore supplemented to the ration at their cura- 


AA 


Fig. 1. Growth curves for puppies of litter G on the basal ration supplemented 
with vitamin Be and various fractions of liver extract 


kg. 
7.8 


7.0 


6.2 


5.4 
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tive level of 60 micrograms per kilogram of body weight per day. At the 
twenty-fourth day after vitamin Bg therapy was started the hemoglobin 
had risen to a level of 10.81 grams, the red cell count to 4.00 million, the 
hematocrit to 27 per cent, and the cell volume to 54 cubic microns. 

In addition to dog 7, dog 8 was found to be anemic (5.65 grams hemo- 
globin per 100 cc. of blood) after 71 days on various combinations of the 
acid acetone residue and filtrate. ‘The supplement was then changed to 
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4 per cent of whole liver extract. In 17 days the anemia had progress: 
to a level of 4.75 grams of hemoglobin per 100 cc. of blood. At this tin 
the red blood cell count was 4.29 million, the hematocrit 21 per cent, a1 
the red cell volume 49 cubic microns. At this point vitamin Bg therapy 
was started exactly as in the case of dog7. At the 16th day the hemoglobi: 
had reached a level of 8.21 grams, the red cell count was 3.90 million, thi 
hematocrit 26 per cent, the red cell volume was 67 cubic microns, and thi 
dog had gained one kilogram in weight. 

The results obtained with these dogs can serve both as a confirmation 0! 
the findings of Fouts et al. (1, 2) and as an indication of the low vitamin 
Bs content of liver extract. Since we had experienced growth plateau 
with three dogs on assay of the acid acetone residue (nos. 9, 11, and 13 
and little or no improvement on the addition of the acid acetone extract 
to the residue as in the case of dog 8 (assay no. 10), it was decided to com 
pare the response of dogs 12 and 13 to pure vitamin Bg with that of afactor 
W preparation—the hexane-butanol extract at a level of 2 per cent (assay 
12 and 14). The results show an immediate and marked improvement 
in dog 12 receiving vitamin Bs and little or no change in dog 13. This 
evidence also indicates that the primary deficiency of the acid acetone resi- 
due is vitamin Bg instead of factor W, and that vitamin Bs is undoubtedly 
involved in the growth of the animal as well as in the maintenance of a 
normal hematopoietic function. This is also borne out by the behavior 
of dog 6. This dog showed growth plateau on a supplement of two pe 
cent equivalent level of a Sargeant’s Fuller’s earth filtrate of whole live: 
extract plus three per cent equivalent of the uneluted Fuller’s earth ad- 
sorbate. Addition of pure vitamin Bs at the anemia curing level resulted 
in an immediate resumption of growth (assays 21 and 22). 

Discussion. Highly purified or synthetic vitamin B complex low ra- 
tions have been used successfully by a number of investigators. In the 
case of the dog a number of such rations have been employed in earlier 
studies, but little has been reported since the crystalline vitamins became 
available. Thus Birch et al. (8) and Street (3) produced black tongue with 
such a ration, Fouts et al. (1) produced an anemia attributed to deficiency 
of vitamin Bs, Zimmerman et al. (9) studied some neurologic manifestations 
of a deficiency of the vitamin B complex, and Sebrell and Onstott (10), 
and Street and Cowgill (11) studied riboflavin deficiency. The rations 
used varied in composition yet all were comparable in that they contained 
purified casein as the source of protein; cornstarch, sucrose, or glucose as 
source of carbohydrate; crisco, cottonseed oil, cod liver oil, and arachis 

oil as sources of fat and the fat soluble vitamins; and a complete salt mix- 
ture. With such materials the vitamin B complex was thus rigidly ex- 
cluded from the basal ration. B complex supplements to these rations 
were made in various ways, usually in concentrate form, but dogs were 


raise 
qua’ 
O 
obse 
abo 
oth 
fact 
the 
the 
the 
on 


ol 


StL 
ob 
of 
de 
m 
lin 
te 
th 
a 
O 
t 
I 
f 


VITAMIN Be AND FACTOR W IN NUTRITION 109 


raised or maintained successfully in all cases on these rations when ade- 
quately supplemented. 

Our approach to this problem doubtless explains some rather unique 
observations. The rapidity of the onset of the deficiency (usually in 
about two weeks) is one feature that differs from the experience of most 
other investigators using synthetic rations with dogs. The low storage of 
factors by the newly weaned pup plus a probable increased demand due to 
the growth impetus are considerations that can be advanced to explain 
the short time needed for an assay. 

As yet we have observed no definite consistent deficiency symptoms in 
the dogs other than loss of weight, anorexia and death. Doubtless the 
onset of the deficiency is too fast to allow symptoms to develop, such an 
observation being made by Zimmerman et al. (9) in their neurological 
studies. From time to time, however, on longer assay periods we have 
observed a peculiar flaky dermatitis of the ventral areas of the body and 
of the abdomen in particular. This appears to be similar to the condition 
deseribed by Sebrell (10), but from its incidence on widely diverse supple- 
ments its nutritional etiology is yet obscure. Frequently on autopsy yellow 
livers were found. The yellowest appearing liver, that of dog 10, was 
tested for its riboflavin content by the bacteriological method of Snell and 
Strong (12). It was found to contain 14 micrograms of riboflavin per 
gram of wet liver, a figure somewhat lower than would be expected from 
the liver of a healthy dog. 

The previously described syndrome of dog 14 is unique in our experience. 
Upon autopsy there were found no macroscopic evidences of infection, but 
a somewhat yellowed liver and a peculiar red pigment-spotted appearance 
of the thymus gland. A similar thymus was also found in dog 17 on prac- 
tically the same supplement as that of dog 14. 

In considering the réle of vitamin Bg in the nutrition of the dog we have 
already suggested two functions. A low level seems to be immediately 
necessary for growth as is seen by contrasting response to the acid acetone 
filtrate with and without vitamin Bes. <A higher level is necessary to pro- 
tect against the microcytic hypochromic anemia since growth but not 
protection from the anemia was obtained by a three per cent equivalent 
level of the hexane-butanol extract. It is interesting to note that both 
types of Bg deficiency are produced on a ration containing eight per cent 
of cottonseed oil, a potent curative oil for acrodynia or dermatitis in rats. 
That our liver extracts are a poor source of this factor is evident from the 
progression of the microcytic hypochromic anemia on the ration when four 
per cent liver extract was added as supplement, whereas rapid regeneration 
of hemoglobin was experienced with 60 micrograms of the pure vitamin 
per kilo per day. 

All factor W preparations active for the rat were active for the dog in 
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the presence of adequate amounts of vitamin Bg. It is evident that som 
factor present in the whole liver filtrate, the hexane-butanol extract, tl 

acid acetone extract and filtrate, the alcohol-ether precipitate, and low o 
lacking in four per cent rice bran (assay no. 15) is immediately essentia 
to the dog. Our experience with the highly purified factor W concentrat 
used with dog 14 might indicate that either this factor is bi- or polypartit: 
in nature or that another factor accompanying factor W in the aboy 
fractions but not in the highly purified concentrate might be involved i: 
the nutrition of the dog. Pantothenic acid (the chick antidermatiti- 
factor) is about the only known member of the vitamin B complex that 
could be considered. Our favorable results with the alcohol-ether precipi 
tate at a level of two per cent would seem to indicate no necessity for panto 
thenic acid since this fraction of liver extract does not protect the chick 
from dermatitis. However, the possibility that most puppies have « 
sufficient store of the factor to last throughout the short assay period must 
be considered, and we have more recent indications from older dogs that 
pantothenic acid is required. This question, however, deserves a more 
exhaustive study. 


SUMMARY 


1. Dogs may be raised successfully on a highly purified or synthetic 
vitamin B complex free ration when properly supplemented. 

2. In addition to thiamin, riboflavin and nicotinic acid the dog also re- 
quires vitamin Bs and a filtrate factor which may be identical with 
factor W. 

3. The réle of the chick antidermatitis factor in the nutrition of the dog 
is still not clear but preliminary evidence indicates that quantitatively 
it may also be needed bythe dogz TV 

a 
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The mechanism by which anterior pituitary growth preparations produce 


nitrogen storage may be studied from several points of view. One may 
consider the organs involved in the process, or the metabolites and sources 
of energy. Pursuing the latter course, we have studied the response of 
adult bitches receiving growth preparations on the fourth day of phlor 
hizin administration. 

Experiments on phlorhizinized animals seemed indicated for various 
reasons. Whether growth preparations still diminish protein metabolism 
when the supply of oxidizable carbohydrate is removed by phlorhizin is 
of interest in deciding whether they affect protein metabolism directly 
or “spare” it by inereasing oxidation of carbohydrate or fat. The same 
information is useful if growth preparations appear to influence protein 
metabolism by way of the pancreas (1). Also, if gluconeogenesis from 
protein is regulated by the anterior pituitary gland (2, 3) the effect of 
preparations which influence protein and carbohydrate metabolism upon 
D:N ratios should be investigated. 

We used the same growth preparation and dosage with which extensive 
nitrogen storage had previously been produced in normal animals (4, 5, 6). 
Our interest in its effect on phlorhizinized animals increased when we found 
that this preparation, again in the same dose, produced severe glycosuria, 
ketonuria and lipemia in depancreatized thyroidectomized bitches which 
had been in excellent condition while receiving diets of beef heart and raw 
pancreas, together with the correct dosage of insulin to prevent glycosuria. 

The use of phlorhizin introduces two factors which adversely affect 
nitrogen equilibrium. Carbohydrate oxidation is minimized, and the 
total metabolism is increased. Since the latter effect can be eliminated 
by thyroidectomy (7), unoperated and thyroparathyroidectomized animals 
were used in our experiments. 

Metuops. Adult bitches received constant diets of ground lean meat! 


1Twenty pounds of ground meat, 400 grams of bone ash, and 57 grams of Karr’s 
salt mixture were mixed thoroughly and put up in paraffined paper packages of 
350 or 500 grams. ‘These were frozen, and thawed out as needed 
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during preliminary periods of several weeks and during experiments. On 
experiment with a carbohydrate-containing diet was also done. Operat: 
animals received sufficient viosterol to maintain the serum calcium. 
phlorhizin was suspended in olive oil and injected subcutaneously, eac! 
animal receiving one gram at 8 a.m. and one gram at 6 p.m. daily. Urin 
periods were terminated by catheter. 

Acetone bodies and glucose in the urine were determined by the method: 
of Behre and Benedict (8) and Benedict (9) with the following exceptior 
In experiments recorded in table 5, the urines were diluted so that 5 
contained about 1 mgm. of glucose, and determinations were made by thy 
blood sugar method of Shaffer, Hartman and Somogyi (10) employing 
their reagent 50. Due to the great dilution the blank from other reducing 


TABLE 1 
Dog 1, female, intact 


ACETONE BETA- 


WATER URINE AND DIACETI( HYDROXY 
WEIGHT NITROGEN 
INTAKE VOL. ACID AS BUTYRIC ACID 


ACETONE AS ACETONI 


grams per 


ce. 
kgm day 


mgm. per day | mgm. per day 


July 19* 810 640 13.8 13.79 
20 ,000 1,120 13.6 19.19 
21 , 100 1,130 13.6 18.94 | 3. 144 
22t , 760 1,150 13. 20.20 289 


24 


Or 


, 840 1,750 13. 19.49 . 564 
,690 1,250 13. 18.56 ‘ 68 
,370 1,160 13. 18.35 ‘ 136 


] 
1 
23 1,735 1,580 13. 18.37 ‘ 517 
l 


26 
* First phlorhizin day. 


+ Forty cubic centimeters of growth preparation injected subcutaneously 
Diet: 500 grams meat, 15 drops haliver oil, daily. 


substances in urine was negligible, and excellent recoveries of glucoss 
added to normal urines were obtained. ‘‘True sugar’”’ determinations in 
blood were made by the same method applied to zine filtrates, presence of 
zinc in the same being avoided by adjusting the sodium hydroxide solution 
so that one volume neutralized eight volumes of the zine sulfate solution 
to the phenolphthalein endpoint (11). Non-protein nitrogen was deter- 
mined in tungstic acid filtrates of whole blood by the method of Koch and 
MeMeekin (12). For experiments that included basal metabolism deter- 
minations animals were available whose basal rates were already accurately 
known. The Tissot method was used. 

The growth preparation was “Antuitrin, Growth,’’ purchased from 
Parke, Davis and Company. The same firm kindly furnished 2 powdered 
preparation, a solution of which was used in one experiment. 


it 
the 
e¢ 
an 
wl 
ho 

DATE 

1038 

218 

1 , 225 

1,808 

2,215 

212 

437 
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Resu._ts. Water and body weight. In earlier experiments on normal 
bitches an increase of 400 grams or more in weight occurred constantly on 
the days of injection, and was accompanied by a rise in water intake pre- 
ceding the rise in urine volume. This effect is also present in phlorhizinized 
animals. In table 1 the increase in weight on July 22 is only 100 grams, 
which would be negligible if a decline in weight, due to phlorhizin, were 
not to be expected. Positive effects on weight, in some instances con- 


TABLE 2 


ACETONE BETA 


WATER URINE AND DIACETKC HYDROXY 
WEIGHT NITROGEN D:N 
INTAKE VOL, ACID AS BUTYRIC ACID 


ACETONE AS ACETONE 
Dog 2, thyroidectomized 

grams per 

day 

Nov. 10* 625 ) 14.00 
1] ; 620 ) 15.07 15 28 
12 : 780 15.64 2.98 27 17 
13t 655 6.4 16.28 253 577 
14 1,240 13.82 556 3, 660 
15 1,520 14.33 2: 636 1,876 

16 S10 16.84 


ec. mgm, per day 


Dog 3, thy: 


10* 


12 


970 


335 15 14.91 


1,760 14.8 18. 

1,890 15.1 17.36 
3 7. 

14 

15 


16 


000 2,680 15.1 12.8% 
300 1,340 14.8 16.96 
020 2,350 17.93 


2 
2 
13t 2,395 1,970 15. 
3, 
3, 
3, 


* First phlorhizin day. 
t Forty cubic centimeters of growth preparation injected subcutaneously 
Diet: 500 grams meat, 15 drops haliver oil, daily. 


siderably larger, were observed in all the remaining experiments, with the 
exception of experiment 3 in table 4. 

Protein metabolism. In normal animals the urine nitrogen commonly 
rose slightly on the day when growth preparations were injected, then fell 
as much as 60 per cent and only recovered its original level in six to ten 
days. Our first experiment on a phlorhizinized animal (table 1) suggested 
that the situation had been greatly altered. The maximum effect occurred 
as expected on July 23, but appeared to be small and very transient. In 
one thyroidectomized and one thyroparathyroidectomized animal larger 
reductions in nitrogen output persisting for two days were observed 
(table 2, Nov. 14 and 15). In experiment 1, table 3, a solution prepared 


DATE 
1938 
Oparathyroidectomized 
Nov 2.40 
2.48 38 {8 
2.75 24 50 
2.82 133 300 
3.15 321 783 
3 4] 755 1,608 


TABLE 3 
Dog 4, female, intact 


ACETONE 
NON-PROTEIN 
DATE AN XIACE 
1939 WEIGHT NITROGEN D:N NITROGEN a 


ACID AS 
ACETONE 


Experiment 1. 


grams per mgm. per 


kgm. day 100 ce. mgm, per day 


Jan. 4* 13.0 10.10 4.13 41.3 17 
5 12.9 13.77 3.88 64 
6 13.0 14.76 | 3.79 43.5 146 
7Tt 13.6 12.83 3.63 218 
8 13.6 11.45 | 3.34 42.1 563 
3) 13.2 10.69 3.44 43.5 600 
10 13.0 13.83 2.84 43.1 175 


12.6 3.16 163 


Experiment 2. Phlorhizin only 


12.4 12.72 | 3.79 15 

28 12.4 12.89 | 4.12 48 

29 12.4 15.40 4.06 199 

30 12.2 15.73 3.48 368 

31 12.0 15.08 | 3.49 336 

Feb. 1 11.9 13.28 | 3.68 389 
2 


300 


* First phlorhizin day. 


jected subcutaneously. 


Diet: 350 grams meat, 15 drops haliver oil, daily. 


basal were observed. 
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Phlorhizin plus growth preparation 


BETA- 


HYDROXY 
BUTYRIC ACID 
AS ACETONE 


mgm, per day 


34 
123 
336 
958 

1,452 
2,000 
1,046 


742 


31 
142 
939 
1,500 

981 
1,145 
989 


B.M.R 


Or 


“oo. 


97 


aé 


31 


39. 


40 


30 


28. 


28 
99 


28 


+ Two hundred milligrams of powdered growth preparation dissolved and i 


from a powdered growth preparation was injected into an unoperat: 
phlorhizinized animal. During the three days after the injection thi 
nitrogen output was 3.66 grams below that of the three preceding days 
In the control experiment with phlorhizin alone the reverse was true, thy 
total output of nitrogen for the second three day period exceeding that o} 
the first by 3.08 grams. This favorable effect on nitrogen equilibrium 


t During the week preceding experiment 1 the average basal (without phlorhizin) 
was 16.0; during the week preceding experiment 2, 17.1 calories per hour. 


occurred in spite of the fact that the calorigenic effect of the growth 
preparation was added to the effect of phlorhizin. After phlorhizin alone 
the highest metabolic rate was 79 per cent above the basal; after phlor- 
hizin and growth preparation values as high as 170 per cent above the 


Confirmation of these findings appears in table 4. The total increase 
in nitrogen output during the second three days of phlorhizin administra- 


| 
) 
my 
11 |__| 36.6 
m6 
m7 
— 5 
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TABLE 4 
Dog 6, female 
NON-PROTEIN 


NITROGEN 
IN BLOOD 


AND DIAC 


WEIGHT D:N 


NITROGEN 


Experiment 1. Phlorhizin only 


grams per 
day 
13.58 
15.: 
17.98 
21. 
22.3 
21. 
18. 


mgm, per 


1988 100 cc. 


kgm, 


é 


11 
11 
$4 
54 
141 
9] 
119 


Dec. 12* 
13 


13.6 
13.¢ 
13.2 
13. 
13.0 


12.7 


2.86 
3.19 
3.62 
3.50 
3.34 
3.63 
3.53 
3.53 


Experiment 2. Phlorhizin plus growth pre 


9 


12. 
12.! 
12.6 
12.8 
12. 


3.00 
3.36 
3.49 
3.72 
3.63 
3.24 
3.01 


44.0 16 
14 
33 
139 

126 

122 
30 
17 


41. 
37. 


Experiment 3. Phlorhizin plus growth preparation after t 


Feb. 11* 
12 
13 
14¢ 
15 
16 
17 


18 


13. 
13. 
13. 
12. 
12.6 
12. 
12.§ 
12.8 


11 
63 
98 
13 
53 
OS 
66 
85 


16. 
15. 
17. 
15. 
18. 
18. 
16. 


to 


ol 
81 
79 
22 
96 
84 
86 


15 
16 
12 
21 
17 
29 


27 


17 


~ 


41. 
36.6 


w bd bt 


99 


a. 


37 


* First phlorhizin day. 


+ Forty cubic centimeters of growth preparation injecte 


¢ During the week preceding experiment 2 the average b 
the week preceding experiment 3, 17.8 calories per hour. 
first metabolic rate recorded was determined 6 hours after t 
and was below the average. 

Diet: 500 grams of meat, 15 drops of haliver oil, daily. 


tion was 17.86 grams in the control experiment \ 
5.79 grams when the growth preparation was give 
second three day period, and 1.02 grams when this experiment was repeated 


ACETONE 


ACID AS 
ACETONE 


mgm. per day 


DIABETES 


BETA- 
HYDROXY 
BUTYRIC ACID 
AS ACETONE 


B.M.R. 


mgm. per day cal. per hr 


112 
303 
236 


IRS 


»paration 


+ 
.9f 
19.9 


ed 


y 

(36.5) 
36.6 

(35.5) 
31.9 
24.3 


hyroparathyroidectomy 


d subcutaneously 


asal was 18.4, and during 


In both experiments the 
he first dose of phlorhizin 


vith phlorhizin alone, 
n at the start of the 
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| 
24 
14 27 
15 97 
16 
7 
18 
19 
1939 
Jan. 5* 14.98 27 | 
6 16.73 30 
7 17.50 63 
8T 17.59 188 
18 546 
10 18 518 
11 7 141 
12 17 47 
| 36 16.1t 
a 31 18.8 
| | 
54 24.5 
7 103 
61 22.1 
| 62 19.9 
a |_| 10) 19.4 
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after thyroparathyroidectomy. It may be noted that experiment 2 
table 4 would have appeared entirely negative in the absence of a contro! 
experiment with phlorhizin alone. 

Determinations of non-protein nitrogen of the blood recorded in tables 3 
and 4 reflect the high protein intake and indicate that the lower urin 
nitrogen in experiments with growth preparations was not due to retention 
Since the fall in urine nitrogen persisted only several days analyses 0} 
feces were regarded of no consequence and were omitted. In simila: 
experiments on normal animals the fall in urine nitrogen was not due to 
diminished absorption (4, 6). 

The effect of thyroidectomy on the high metabolic rate of phlorhizi: 
diabetes (7) is confirmed in experiment 3, table 4, for the basal metabolic 
rate did not rise definitely above the control level of 17.8 during the first 
three days of phlorhizin. It rose 52 per cent in the corresponding period 
of experiment 2, before the operation. That the control level of nitrogen 
output was not affected by the operation is due to the fact that we ar: 
dealing with a fed animal, in which the nitrogen output is determined by 
the high intake. 

Carbohydrate and fat metabolism. The metabolic rates encountered in 
these experiments were too high to permit entirely trustworthy deter- 
minations of the respiratory quotient by the use of a mask.’ In experi- 
ment 1, table 3, the total respiratory quotients on the three days following 
injection of the growth preparation were 0.70, 0.67 and 0.67; in experi- 
ment 3, table 4, the corresponding quotients were 0.66, 0.66 and 0.69. 
Apparently no change in the characteristic respiratory quotient of phlor- 
hizin diabetes occurred. 

Twelve D:N ratios recorded in tables 1 to 4 on the first and second day 
after injections of growth preparations, with one exception, fell between 
3.15 and 3.72, and averaged 3.30. In individual experiments no change in 
the ratio occurred after injections. The characteristic D:N ratio of meat- 
fed animals was thus unaffected. In experiments recorded in table 5 the 
mixed diet described in the footnote under the table was given. The D:N 
ratios were decidedly lower in the experiment with phlorhizin alone. If 
one calculates “extra glucose”’ according to Lusk, and subtracts the result 
from the carbohydrate intake, it appears that giving the pituitary prepara- 
tion diminished carbohydrate utilization (storage or oxidation) from an 
average of 33.5 grams to one of 18.4 grams daily, on the fourth to sixth 


2 We make a separate mask for each animal to minimize dead space. Even so, 
when the metabolic rate rises more than 60 per cent it becomes increasingly difficult 
to satisfy the criterion that respiration and ventilation rates must not increase 
progressively while the respiratory quotient is being determined. When this occurs 
at a high metabolic level the result is not Auspumpung but a low quotient, sug- 
gesting that accumulation of CO, is causing the increase in respiration. 
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days of phlorhizin administration. To ascribe the increase in the D:N 
ratio to an effect of the pituitary preparation on gluconeogenesis from 
protein, rather than to diminished carbohydrate utilization, would imply 
that the yield of glucose per gram of nitrogen was increased, and the 
experiments on meat-fed animals do not permit this assumption. 


TABLE 5 
Dog 6, female 


URINE 


WEIGHT Acetone Beta- 


Nitro- and diacetic hydroxy Non-protein 


gen acid butyric acid nitrogen 
as acetone as acetone 


Experiment 1. Phlorhizin and growth preparation 


grams grams mqm. per mgm. per mam per 
per day per day day day 100 ce 
2* 13.§ 13.38 | 51.6 | 3.86 14 10) 
3 13.8 13.52 69.6 | 5.15 14 d 39 
} 


kgm, 


June 


13. 14.15 ce 5.46 23 
5t 13.! 15.8 110 95 70 
6 13.7 13.72 | 102 102 
7 13.6 98. 69 
S 13. 12.7% 89.6 01 33 73 


‘ 
‘ 
‘ 
‘ 


Experiment 2. Phlorhizin alone 


June 23* 13.¢ 10.32 56.0 A : 33 
24 13..é 11.94 68 5.7 y 45 
25 13. 12.01 69 5.76 y 19 
26 13. 13.91 88.5 66 
27 13. 12.43 80 eS 73 
28 13. 12.50 81.6 Se 55 


29 13. 12.72 76.3 


* First phlorhizin day. 

t Forty cubic centimeters of growth preparation injected subcutaneously 

Diet: 185 grams of a mixture of cracker meal, casein, corn oil (Mazola), yeast, 
and Karr’s salt mixture, analyzed and found to contain 74.5 grams of protein, 15.7 
grams of fat, and 69.7 grams of carbohydrate. To this daily ration were added 15 
drops of haliver oil. 


The true sugar values in table 5 were determined 16 to 18 hours after 
the daily meal, and are essentially normal. The effect of the pituitary 
preparation on nitrogen output, while present, was not greater than in 
some meat-fed phlorhizinized animals. The nitrogen output during the 
second three day period of phlorhizin administration increased 4.57 grams 
in the experiment with phlorhizin alone and 1.86 grams when the pituitary 
preparation was also given. 


BLOOD 
DATE 

sugar 
re 

33 

31 
37 78 
34 64 
28 60 
32 70 
26 56 
24 68 
()4 31 60 26 68 
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In all animals the ketonuria of phlorhizin diabetes was accentuated after 
injections of the growth preparation, although the effect was slight in on 
meat-fed animal (table 4) and the animal which received carbohydrat: 
(table 5). When determinations were made for a sufficient number of 
days (tables 1, 3 and 4) the peak of ketonuria was found on the second 
or third day after injection of the growth preparation, about a day afte: 
the peak of the calorigenic effect. We attribute the increase in ketonuria 
to the high fat metabolism brought about by the rise in the metabolic 
rate and the absence of carbohydrate. 

Discussion. In earlier experiments on normal animals it was shown 
that the nitrogen output was reduced by growth preparations in spite of a 
large calorigenic effect (4). During the postabsorptive period this was 
made possible by increased oxidation of carbohydrate or fat or both, 
depending upon the carbohydrate supply. In the present experiments 
the same situation was made possible by increased oxidation of fat alone, 
the supply of carbohydrate having been removed by means of phlorhizin. 
As stated previously (5), evidence that this pituitary preparation stimu- 
lates oxidation of fat directly is not convincing so long as the amount of 
fat oxidized is entirely a function of the metabolic rate and the availability 
of carbohydrate. On the other hand, stimulation of the oxidation of 
carbohydrate is not an acceptable explanation for the reduction of protein 
metabolism in our phlorhizinized animals. We therefore still feel that 
the growth preparation promotes protein synthesis directly, not indirectly 
through effects upon the metabolic rate or upon the oxidation of carbo- 
hydrate or fat. 

With respect to the réle of the pancreas, it should be stated that the 
nitrogen output of normal animals on a complete diet high in protein has 
many times been reduced to less than half by means of an anterior pituitary 
growth preparation (4, 5, 6) and that we completely failed to duplicate 
this result with injections of insulin and glucose. While insulin may 
diminish the rate of increase in the non-protein nitrogen content of the 
blood of nephrectomized anesthetized animals which were previously 
fasted (13) it is generally agreed that the nitrogen output of normal fed 
animals is not reduced by insulin. 

We intended to study the réle of insulin further by giving the growth 
preparation to thyroidectomized depancreatized dogs maintained on diets 
of beef heart and pancreas, and receiving a constant amount of insulin. 
Marked glycosuria, lipemia and ketonuria appeared over night. In one 
experiment in which the 40 ec. dose of the growth preparation was given 
in 10 ec. portions on four successive days complete anorexia and vomiting 
also occurred, and the outcome was fatal. These were evidently the 
diabetogenic effects encountered by Long and Lukens (3), who used 
prolactin and other preparations, and employed depancreatized hypo- 
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physectomized cats as test animals. In normal bitches the same doses 
of the preparation which we used did not produce glycosuria or ketonuria, 
and greatly diminished nitrogen output; in meat-fed phlorhizinized ani- 
mals they diminished glucose and nitrogen output proportionately. 

It is difficult to separate growth and diabetogenic effects by chemical 
fractionation (14), and assuming that the two effects are due to separate 
principles will not explain why the same mixture produced opposite effects 
in intact and depancreatized animals. It would appear that the diabeto- 
genic effects of this pituitary preparation, whether due to the same prin- 
ciple that diminished nitrogen output or to separate ones,® were prevented 
in normal and phlorhizinized animals, possibly by increased output of 
insulin. We are testing this assumption by studying the effect of the 
preparation and additional insulin on depancreatized dogs. 

As evidence that glucose is formed from protein and not from fat, 
Lusk (7) cited the following observations: 1, that the D:N ratio remained 
constant when fat metabolism was diminished and protein metabolism 
was increased by giving meat to the phlorhizinized dog; 2, that more than 
doubling the metabolism of fat by shivering or by mechanical work did not 
alter the D:N ratio in pancreatic or phlorhizin diabetes. In the present 
experiments it is of interest that the D:N ratio in meat-fed phlorhizinized 
animals was still the same when protein metabolism was somewhat 
diminished and the total metabolism greatly increased at the expense of 
fat, by means of a pituitary preparation. 


SUMMARY 

1. Bitches were given large injections of a growth preparation on the 
fourth day of phlorhizin administration. The calorigenic effect of the 
preparation was superimposed upon the high metabolism of phlorhizin 
diabetes. In spite of this the weight increased and the nitrogen output 
was smaller than in experiments with phlorhizin alone. 

2. The effect of the preparation on nitrogen output was increased by 
thyroidectomy, presumably because this operation reduces the metabolic 
rate of phlorhizinized animals to approximately the normal level. 

3. In meat-fed phlorhizinized animals glucose and nitrogen output were 
diminished proportionately, leaving the D:N ratio unchanged; in thyroid- 
ectomized depancreatized animals receiving a constant amount of insulin 
the same doses of this pituitary preparation were severely diabetogenic. 

4. Absence of the diabetogenic effects of the preparation in normal and 


3 Young (15) considered his “‘glycotropic”’ factor, the thyrotropic factor, and the 
“ketogenic’’ factor as possible members of a diabetogenic complex. He was unable 
to produce diabetogenic effects in dogs with large amounts of thyrotropie factor, and 
the animals in which we observed diabetogenic effects had, as stated, been thyroid 
ectomized as well as depancreatized. 
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phlorhizinized animals may be due to increased insulin output; the positiv: 
effects on nitrogen storage in normal fed animals can not at present b 
explained in this way. 

5. The injected preparation did not diminish nitrogen output by increas 
ing the oxidation of fat,—or carbohydrate when this was available. Oxida 
tion of additional carbohydrate (5) or fat does of course occur, since thy 


total metabolism rises while protein oxidation falls. 
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Practically all of our knowledge concerning the phir 
glands is based on the reports ol Florey and Harding (1), who have studs 
the secretions of these glands in number of different animals. One 
their most significant findings is that the Brunner’s glands of the ent sr 
controlled by secretin. We have investigated this problem in dogs wit 
the object of determining whether a exists this 
animal, 

Mertruops. ‘The present studies include observations on anesthetized 
animals with a fistula of the first portion of the duodenum and on unanes 
thetized animals with a permanent pouch of the same portion of the duo 
denum. The pouches of the supra-papillary portion of the duodenum 
were prepared according to the methods described by Florey and Harding 
The technic is as follows: the abdomen is opened under anesthesia witl 
aseptic surgical conditions, and the duodenum: cut across at its junetion 
with the pyloric sphineter and again just proximal to the entrance of the 
common bile duet, impairment of the cireulation being earcfully avoided 
The segment thus isolated is about 2.5 or 3.0 em. in length. “The proximal 
end of this short segment is closed with a purse-string suture and the distal 
end is brought to the surface. The continuity of the gastrointestinal tract 
is restored by closing the duodenum blind and anastomeosing the stomach 
to the jejunum. 


In making the preparation for the observation of secretion under an 


thesia, the technic is simplified by placing ligatures around the pylori 


sphineter and around the duodenum just proximal to the papilla of Vater 
The secretions are then collected hy inserting a small rubber tube mito the 
isolated loop through a very small incision. 

The Brunner’s gland secretion was obtained from the unanesthetized 
animals by a collecting funnel placed so as to receive the secretion directly 
from the pouch; the volume was read direetly from the graduated cont ritugs 
tube attached to the funnel. 

Resutts. We were able to confirm the observation that there is a sig 
nificant increase in the secretion from the duodenal pouch in response to 
a meal. The results are shown in table The secretion corresponds in 
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its physical characteristics to that already described detail hy lor 
and Harding TAN be mentioned here that this secretion is distines 
more vised than that collected simultaneously Irom oa correspond 
length of jejunum, 

The effeet of secretin was investigated in anesthetized dogs; the secret 


preparation OSE) used in these experiments was supplied to us by Dr. Hsu 


Sp) 


one tout 


1. Upper line show lenalom le line, time in minutes 


line, drops of se 


CGreengard (2). It is free of vasodilatin. Preliminary observations indi 
eated that in about five minutes after the administration of 1 mgm. of 
this preparation of secretin, there was considerable flow of secretion from 


the duodenal pouch, continuing for five to ten minutes. In view of the 


fret that seeretin has been shown by Sandblom, Voegtlin and Ivy 


cause inereased duodenal motility, we proceeded to examine the possibility 


rABLE 1 
Necrettonr Bruns gQhand area of duodenum in ved meu 
Figures indiente contimeters of secretion for periods 
mA NI Al t ING 
Dog | 
| 17 1.5 3.0 
1 19 3.0 
1 
1/22 0.6 
1/23 1.2 20 
1/26 0.6 39 
Dog 2 
1/20 
2] 9.5 3.6 
| {22 
| 
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at the seeretion from Brunner’s glands in response 
result of a mechanieal expression of the contents of thi 
herefore made simultaneous records of secretion and motility, 
corded by placing a very small balloon in the duodentm: along the 
Nleeting tube as already described 
The tracings in figures | and 2 are representative of thirty experiments 
arried out with the same technie on both anesthetized and unanesthetized 


mimals. The rate of flow of secretion was slightly inere 


above thre 


control flow for ten or fifteen minutes after the primary expression of the 


uice. The dose of secretin which would cause a definite flow of duodenal 


uice Varied with the dogs. In most cases a signifieant 


ecretion could 


hig. 2. Upper line, motility of duodenun 


drops of secretion 


not be produced without a coneomitant me 


rep ated large doses of the hormone. 


CONCLUSIONS 


Intravenous injection of secretin is followed by the secretion of a viseid 
juice from the Brunner’s gland area of the duodentum, but proof is still 
lacking that this seeretion is entirely independent of the increased duodenal 


motility accompanying the sceretion, 
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\Ithough the administration of massive doses of insulin is now commonly 
employed in the treatment of schizophrenia, little is known concerning the 
cardiovascular response to this procedure. It is generally acknowledged 
however, that this hormone may have a deleterious effect upon the heart 
(1.2.3 According to Ernstene and Altschule (4), the increase in the work 
of the heart, consequent to hypoglycemia, furnishes a rational explanation 
for the occasional precipitation of myocardial failure in eardiac patient: 
under insulin treatment. 

That insulin may influence the peripheral circulation has received ever 
less attention. Information concerning this subject becomes of importanc 
in the evaluation of metabolic studies utilizing arterio-venous differences 
Obviously, the changes in the relationship between the arterial and venous 
content of the various foodstuffs can be brought about by alteration in 
the rate of blood flow as well as by alterations in the metabolism of a tissu 

In view of the preceding, we have employed the plethysmographi 
method to determine the effect of massive doses of insulin on the peripheral 
circulation in a series of patients with schizophrenia. 

Merruop. Studies were made on seven subjects, one to four experiments 
being performed on each. Blood flow measurements were obtained using 
either a hand and a contralateral forearm or a hand and a leg. In on 
instance, blood flow determinations were obtained for the foot. The 
procedure used in preparing the subject for the test and in obtaining the 
actual blood flow figures was similar to that previously deseribed by one of 
us (5). Inthe case of the forearm, a blood pressure cuff, placed around the 
Wrist, Was maintained at a pressure of 300 mm. Hg during the period ot 
blood flow determinations; in this manner the effeet of venous return from 
the hand was eliminated (6). After control levels were established (at a 
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bath temperature of 32°C. and room temperature of 25 to 27°C.), the 
patients, in the post-absorptive state, were given a subcutaneous injection 
of insulin, and blood flow determinations were then made at 10 minut 
intervals for the following three to four hours. About 2} hours after the 
administration of insulin, the patient received orange juice by mouth 
and glucose intravenously or orange juice alone. Blood flow determina- 
tions were continued for another hour. The dosage of insulin ranged from 
40 to 280 units, each patient generally receiving a quantity which pre- 
viously was found to be adequate for the production of hypoglycemic 
“shock.’’ In all instances, blood pressure and pulse rates were obtained 
at 10 minute intervals throughout the experiment. In some patients 
temperature readings of the mouth and of various portions of the skin 
were taken, a Tyeos dermatherm being employed for the latter. Certain 
other changes were also noted, viz., absence or presence of muscular tremors 
and twitches, presence and degree of perspiration, and the state of con- 
sciousness. 

In a number of experiments, femoral arterial and basilic vein blood sam- 
ples were drawn almost simultaneously for the determination of oxygen 
and carbon dioxide concentrations. In order to obtain venous blood which 
came primarily from the tissues of the forearm and not the hand, the sam- 
ples were collected at least two minutes after a pressure of 300 min. Hg 
had been applied at the wrist by means of a blood pressure cuff. 

Resuuts. Effect upon peripheral blood flow. A. Insulin. 
tion of table 1 reveals that in six of eleven experiments on the hand, a 
significant increase in blood flow was observed (2.5 to & times the control 
figure) in from 60 to 115 minutes after the injection of insulin (fig. 1). 
Of the remaining five tests, in one a moderate and in two a slight increase 
was observed, while in the other two (both on the same subject, R. H.), 
the predominating effect was a decrease in flow (fig. 2). In some of the 
experiments, the augmentation in flow was preceded by a temporary 
insignificant decrease. 

In ten of thirteen experiments with the forearm, a significant Increase in 
blood flow was observed (2.1 to 6 times the control figure) in from 60 to 
145 minutes after the injection of insulin (figs. 1, 2,3). In the remaining 
three trials, a slight increase occurred. — It is of interest, however, that when 
the subject (R. H.), upon whom two of the latter experiments were per- 
formed, was given a greater quantity of insulin, a significant Increase in 
forearm flow then resulted (table 1). In the two instances in which the 
blood flow to the leg was studied, a significant increase (1.4 to 1.9 times 
the control level) was induced, the peak of the response being evident at 
75 minutes after injection. In a single trial with the foot, an increase in 
blood flow of about 3 times the control reading was observed (fig. 3) 


% of contro! Diood flow 


TABLE 1 
Effect of insulin and glucose on peripheral blood flow 


INSULIN G 


SUBJECT 


UNITS INSULIN 
EXTREMITY 
CONTROL LEVEL 
Highest level 


Hand 
Hand 
Hand 
Foot 


Hand 
Hand 


Hand 


Hand 
Hand 


150 Hand 
140 Hand 


120 Hand 6.710.9 140 


.R.(M) 12 | 175, Leg 2.3 7 


Lowest level 
| Lowest level 


2.2 0 


LUCOSE 
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CONTROL LEVEL 


Leg 

Forearm 
Forearm 
Forearm 


Forearm 
Forearm 


Forearm 
Forearm 
Forearm 


Forearm 


Forearm 
Forearm 


25 Forearm 


10 Forearm 


All blood flow figures in cubic centimeters per minute per 100 cc. limb vol. 
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o 
cc per min 


— 46 


Fig. 2 


Fig. 1. Effect of insulin and glucose on blood flow in hand and forearm in subject 
A. Z. (Expt. 2). First and second arrows indicate administration of 40 units insulin 
and 50 grams glucose respectively. The lines represent percent change in flow as com- 
pared with the controls. Cross-hatched column: forearm blood flow in cubic centi- 


meters per min. per 100 ec. limb vol. 


cubie centimeters per min. per 100 ee. limb vol. 
Fig. 2. Effect of insulin on blood flow in forearm and hand in subject R. H. (Expt 


5). One hundred units of insulin administered at 


change in flow. Cross-hatehed 
column: hand blood flow. 


column: 
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forearm blood 


flow. 


Horizontal-lined column: hand blood flow in 


|. Lines represent percentage 


Horizontal-lined 


| 
Zz 
min. min, min, min, min mur 
R. M. (M 6 | 260 3.1/17.4; 90 | 2.3; 10] 1.3) 15 6.910.1) 759.0110 5.7 40 
7 | 280 1.714.1 105 3.4 35), 0.4 45 2.710.2 105 | 1.8 25 0.6 45 
8 | 280 5.6 24.8 115 4.0 10 0.4 10 2.8 8.0 105 2.4 10 0.4 40 
9 170 1.4 5.3 145 | 1.8) 30: 0.4 20 4.411.1 145 | 3.5 50 1.9 20 
4. Z. (F 1 50 4.820.0 90 4.5 50 1.610.8 95 1.5 30 
2 40 11.7:29.2; 100 (10.7, 20 5.2) 10 1.9| 7.5, 90 1.7; 40 1.3) 10 
F. W. (F 14 | 180, MM §ss«45§.6.28.3) 60 | 7.2; 10 2.411.4 60 2.1 40 4.7 30 
kK. H. (M) 3 50 3.8, 4.9 130 | 3.4' 40 3.4 20 
4 80 || 15.716.1. 60 | 6.4 140 2.1 15 4.6 5.1 60 4.0 30 1.0 30 
5 100 16.719.3) 20 11.3) 80 2.1/6.3; 80 | 3.2) 10 
D. H. (F 10 | 10.112.0, 70 9.1, 20 2.1) 10 | 5.6) 75) 1.1) 10 1.6) 30 
| 5.8 7.3) 80) 4.6, 30 0.7, 1.8 100 0.6 30 0.8 10 
D. 8. (F 13 | 50 | 2.3) 1.2) 1.9) 110 | 0.5; 50 | 0.5) 10 
| 6.2) 130 | 1.3) 35 1.1) 5 
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Minutes 
Fig. 3. Effect of insulin and glucose on skin temperature, pulse, blood pressure 
and blood flow in forearm and foot in subject R. M. (Expt. 9). First and second 
arrows indicate administration of 170 units insulin and 50 grams glucose respectively 
Lines in lowest portion of figure represent percentage change in flow. Cross-hatched 
column: forearm blood flow. Horizontal-lined column: foot blood flow. Arrows on 


top of figure indicate time simultaneous arterial and venous blood samples were 
taken. 


In a number of the above experiments, the augmentation in flow was also 
preceded by a slight decrease. 
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3B. Glucose. In every experiment with the hand in which flows wer 
taken subsequent to the administration of carbohydrate (7 trials), an im 
mediate and marked decrease in blood flow was observed, the level alway: 
falling below the control figure (to an average of 30 per cent of the latter 
(fig. 1). With the forearm and leg, a significant decrease was present in 
eight of the thirteen trials; with the foot a drop to below the control leve! 
took place in the one instance tried (figs. 1 and 3). In sharp contrast with 
the above are the findings obtained in four experiments in which 50 grams 
of glucose were injected intravenously in a post-absorptive state, but with- 
out the previous administration of insulin. There was generally an im- 
mediate increase in flow and then a return to the baseline, with the floy 
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Fig. 4. Effeet of glucose on blood flow in hand and leg in subject R. M. (4-18 


Fifty grams glucose administered intravenously at Lines represent percentag 


change in flow. Cross-hatched column: leg blood flow. Horizontal-lined column 
hand blood flow. 


in some cases dropping a little below the control level for a short period 
(fig. 4). 

Effect upon blood pressure and pulse rate. There was generally 
a change in the blood pressure which reached its peak in from 75 to 140 
minutes after the administration of insulin (fig. 3). The systolic pressure 
increased in every instance to the extent of 16 to 58 mm. Hg, the average 
rise being 35mm. The diastolic pressure decreased in 7 of 13 trials to the 
extent of 8 to 29 mm. Hg, with an average fall of 18 mm. No alteration 
in the diastolic level was observed in two others, while in the remaining 
four trials an increase of 6 to 14 mm. was present. The systolic pressure, 
however, increased significantly in each of the latter six experiments, the 
average rise being 37 mm. As a result, there was an increase in pulse 


Glucose 
200 | ra 10 
_Hand 
= o* 
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pressure during the period of hypoglycemia in every instance; the average 
increase was 37 mm., the greatest being 58 mm. and the least 20 mm. 
These findings are in accord with those of previous investigators (4, 7) 

The maximal response of the pulse occurred in from 60 to 120 minutes 
following the injection of insulin (fig. 3). This consisted of an increase 
of from 4 to 33 beats per minute, with an average of 20. In most cases, 
there was a tendency for a slight drop in either or both blood pressure and 
pulse rate as the subjects approached or entered the state of “shock.” 

The changes in blood pressure and pulse rate which took place after the 
intravenous or oral administration of glucose were much more sluggish 
than the blood flow responses. The former generally fell within 15 to 20 
minutes, but only rarely did they reach the control level even at the end 
of the experiment, which generally was terminated 60 to 70 minutes follow- 
ing glucose administration. 

Changes in skin temperature. Mouth and skin temperature readings 
were obtained in three experiments. During the period of hypoglycemia, 
there was a rise of 1.3 to 3.4°C. in the temperature of the skin over the 
base of the nail, no change or an insignificant increase in the case of the 
dorsum of the hand, and a decrease of from 1.1 to 3.3°C. in the forearm 
(fig. 3). In the one instance in which the palmar surface of the finger tip 
was tested, an increase of 2.4°C. was observed. In all three trials, there 
Was a decrease in mouth temperature, ranging from 0.9° to 1.6°C. 

Other signs of hypoglycemia. For the most part, the various symptoms 


associated with hypoglycemia appeared only after an increase in peripheral 
blood flow was noted. With a significant augmentation of flow, the sub- 
jects generally began to perspire freely, although they were still oriented 
and fairly comfortable. Determination of the concentration of sugar in 


venous blood at this time generally revealed a definite hypoglycemia 
(below 15 mgm. per cent). Such symptoms, as twitchings of the muscles 
of the mouth, slurring of speech, and finally unconsciousness, as the state 
of shock was entered, appeared some time after the height of the blood 
flow response had been reached. The onset of involuntary muscular move- 
ments was watched for carefully, since it is possible for muscular activity 
alone to increase blood flow through the muscles of an extremity (&). 
However, a significant increase in blood flow was generally noticed before 
the muscular movements began. Furthermore, in a few patients in whom 
these movements were negligible or even absent, a marked increase in 
blood flow was still observed. 

Arterio-venous differences. In three subjects, arterio-venous differences 
for oxygen and carbon dioxide were obtained 1, during the control period; 
2, at the height of the hypoglycemic state, and 3, about 45 minutes after 
the administration of sugar. The findings in table 2 (subject R. M.) 
are typical. 
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Discussion. Alterations in peripheral blood flow. A. Increase in flow 
following insulin. Our results indicate that during the period of insulin 
hypoglycemia, a significant increase in blood flow to the upper and lower 
extremities generally takes place. In view of the associated rise in cardia: 
output (4), it is probable that the augmented peripheral flow, in part at 
least, is the result of a passive dilatation of arterioles. It has been sug- 
gested (4, 9, 10) that the circulatory changes observed during hypoglycemia 
are due to an increased secretion of epinephrin in consequence of stimu- 
lation of the sympathetic nervous system. In view of the recent work ot} 
Grant and Pearson (6) and Kunkel and his associates (11) that epinephrin 
causes a decrease in blood flow in the hand and an increase in the forearm 
it seems unlikely that the flow changes observed by us in the hand during 
hypoglycemia can be attributed to the action of this hormone. In this 
respect it is of interest to note that besides the increase in flow, there wax 
also a significant rise in skin temperature of the finger tips, in the thre: 
patients thus studied, during the period of maximal response. Since the 
finger tips contain many arterio-venous shunts, which appear to react 
markedly to epinephrin by constricting, it would be anticipated that a drop 
rather than a rise in skin temperature would occur if this hormone were the 
agent responsible for the changes in blood flow. Nevertheless, it is still 
possible that an increase in circulating epinephrin is present during 
hypoglycemia, but that its effect upon skin vessels is opposed by the pas- 
sive increase in blood flow resulting from alterations in cardiac output. In 
support of this are the observations that in two experiments a significant 
decrease in blood flow was observed in the hand at the same time that there 
was an increase in the forearm (fig. 2). 

B. Decrease in flow following glucose. The marked drop in blood flow 
which was uniformly found on the administration of glucose, either orally 
or intravenously, appears in some way to be related to the previous in- 
jection of insulin. For, as has been stated before, when given without 
preceding insulin, it produced a transient increase in blood flow to the ex- 
tremities. Under neither of these conditions did glucose have a very sig- 
nificant generalized effect as could be judged by any immediate changes in 
blood pressure or pulse rate. It is possible, then, that the decrease in blood 
flow was due to a local vasoconstriction of the blood vessels at the pe- 
riphery. Why this took place only when glucose was administered during 
the hypoglycemic state is at present not clear. 

Evaluation of metabolic studies based on changes in arterio-venous differ- 
ences. Dameshek and his associates (7) and Himwich and his associates 
(12, 13) have drawn certain conclusions concerning the metabolism of the 
brain during insulin hypoglycemia on the basis of changes in chemical 
constituents of brain blodd. They investigated the oxygen, carbon dioxide 
and sugar content of arterial and venous bloods and found that a very 
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definite reduction in the arterio-venous differences of these three con- 
stituents took place after insulin administration. From this they con- 
cluded that during the hypoglycemic state the uptake of oxygen and glu- 
cose by the brain is materially reduced. It appears to us, however, that 
the premise upon which these conclusions are based, i.e., that there is no 
significant change in cerebral blood flow during hypoglycemia, should, in 
the light of our findings, be viewed with suspicion. For, although we have 
made no studies on rate of blood flow through the brain, the fact that there 
is a significant augmentation in flow to the periphery, together with the 
observation that there is an increase in cardiac output (4), makes it seem 
unreasonable to assume that no change in flow takes place in the brain. 
That alterations in oxygen and carbon dioxide arterio-venous differences 
can be correlated with changes in peripheral blood flow is demonstrated 
by the findings in table 2. As will be noted, when the blood flow to the 
forearm increased about 2.3 times, during the period of insulin hypogly- 


TABLE 2 


Comparison between blood flow and oxygen and carbon dioxide arterio-venous differences 


CARBON DIOXIDE, VOL, FOREARM 
PER CENT BLOOD 
FLOW, 
PERIOD A-V A-V PER MIN. 
Arte- F 


Arte- r PER 100 cc 
rial Venous differ rial Venou differ IMB VOL, 


OXYGEN, VOL, PER CENT 


Control ; 11.5 | +5.9 | 51.8 
120 minutes after insulin... iv. +1.6 | 53.5 
80 minutes after glucose. . ; 9.7 | +9.0 | 49.7 


cemia, forearm blood showed a very significant decrease in both the oxygen 
and carbon dioxide arterio-venous differences. Further when the flow 
diminished to about 16 per cent of the control level, following the injection 
of glucose, the oxygen and carbon dioxide arterio-venous differences now 
increased significantly over the control figures. In this respect, it is of 
interest to note that Dameshek and his associates observed the same degree 
of change in oxygen arterio-venous difference in forearm as in brain blood 
during the severe insulin reaction, and therefore concluded that an actual 
diminution in oxygen uptake occurs in the forearm as well. The mag- 
nitude of the chemical changes reported by these authors for this extremity 
is similar to those found by us in experiments in which an increase in fore- 
arm blood flow was also noted. 

It seems to us, therefore, that conclusions relating to the metabolism of 
tissues which are based upon changes in the chemical constituents of blood 
from these tissues are open to criticism, unless simultaneous blood flow 
studies are performed and correlated with the other data. 


54.2 | —2.4 4.4 
54.3 —(0).8 10.3 
56.8 | —7.1 0.7 


ABRAMSON, SCHKLOVEN, MARGOLIS AND MIRSK\ 


SUMMARY AND CONCLUSIONS 


1. The peripheral vascular responses to injections of massive doses o| 
insulin were studied in a series of patients with schizophrenia by means o} 
the plethysmographic method. 

2. A marked increase in blood flow was usually observed in the hand 
forearm and leg at the height of the hypoglycemic response. 

3. With the termination of hypoglycemia by carbohydrate administra 
tion, a rapid decrease in blood flow to below the control level usually o« 
curred, especially in the hand. When glucose was given without the pre 
vious injection of insulin, this marked effect upon blood flow was not 
apparent. 

4. Attention is called to the probable fallacy of drawing conclusion: 
concerning the metabolism of tissues from data based on arterio-venou: 
differences alone. The necessity for obtaining simultaneous blood flow de 
terminations is stressed. 

5. The findings of others that a decrease in oxygen arteriovenous dil- 
ferences of the same magnitude can occur in both brain and arm blood 
during the hypoglycemic state, together with our observations of a marked 
increase in blood flow to the periphery and those of Ernstene and Altschule 
of an increase in cardiac output, suggest verystrongly the possibility that 
a change in blood flow may likewise take place through the brain. The 
implications of the above in relation to the metabolism of the brain during 
insulin hypoglycemia are considered. 
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Death from adrenal insufficiency is generally the result) of cardiovas- 
cular failure. With the terminal decline blood pressure to 50 mm 
He and lower, an apparent paralysis of cardioaceclerator and vasocon- 
strictor nerves develops, as Elhott showed in 1914. Stimulation of the 
splanchnic nerves or the Injection of micotine causes littl: or no rise ah 
blood pressure. Pituitrin and barium chloride, injected: intravenously, 
likewise fail to produce their usual pressor effect at this time le pineph- 
rine, on the contrary, still causes a marked rise in blood pressure 

This phenomenon has recently been reinvestigated in this laboratory 
by Armstrong, Cleghorn, Fowler and MeVicar (1939), and Armstrong, 
Austen, Cleghorn and MeViear (19389). It was concluded that the failure 
of sympathetic nerve excitation, whether by electrical stimulation of ap- 
propriate nerves or by the Injection of meotine, to exhibit effects of the 
magnitude observed in normal acutely adrenalectomized or extract-treated, 
adrenalectomized animals might be due, in part at least, to exhaustion of 
sympathin at adrenergic nerve endings. 

As a means of investigating further the nature of the apparent sympa- 
thetie nerve failure in adrenal insufficiency, Dr. Laurence Irving suggested 
that it would be of interest to ascertain whether carotid: sinus pressor 
reflexes could be demonstrated in cats in the terminal stage of adrenal 
insufficiency. It Was also decided to ascertain whether ephedrine, hy 


virtue of itsclose resemblance to epinephrine, would exert a potent pressor 


effect in the vascular collapse of adrenal insufficiency \ preliminary 


report only of these results has been presented previously Cleghorn, 
1938). 

Ri SULTS The cats were adrenalectomized ana cared for as deseribed 
by Armstrong, Cleghorn, Fowler and MeVicar (1939), where detailed ref- 
erence to all techniques employed may be found. No residual cortiea! 
tissue Was found at autopsy in any of the animals considered for this 
paper and the blood chemical changes were characteristic of adrenal in- 
suffer 
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The effect of carotid occlusion Occlusion of the exrotids adret 
tomized cats causes a marked rise in blood pressure if performed pri 
the appearance of signs of severe adrenal insufficieney.  “Phis is not 
prising since exeitation of sympathetic vasoconstrictor ner 
stimulation of the peripheral cut end of a splanchnie nerve a 
causes a substantial rise in pressure \ striking pressor respons 
tid occlusion is also found in most animals examined after the signs of 
final collapse become apparent. “This was demonstrated on six ents 

cited. In the first a healthy male cat of 4.4 kem. was used 
cortin injections for fifteen days after adrenalectomy on Mis 


Nine days after cessati tt rtin it was found to be 


hig 
Car. Occ 
nerves stimulated 


jected intravens 


to have lost 0.6 kgm. in weight. The reetal temperature was 33°C "| 
femoral blood pressure, under urethane anesthesia, was found to be 100 


mim Hey Simultaneous occlusion of both carotid arteries was follow: 


by a sharp rise in pressure from 100 to 175 mm. Hg and a slow fall to 145 


mm. at which level it was maintained until the earotids were reless: 

after two minutes’ occlusion. “The pressure then fell sharply to 94 mm.He 
In the second experiment the degree of adrenal insuffieren V Was mot 

marked, the cat being prostrate and too weak to rise from the floor TI 

adrenals had been removed by the abdominal route five days pre 

on February 19, 1938, and no cortin administered. The eat 

fkem. which had lost 0.5 kgm. and had a rectal temperature of 34. 


at the time of the experiment The femoral blood Pressure showed 


(a) 
ao 
loo 
-80 \ 
\ mm Hg. (b) 
to 
40 
re 
Spl. Eps. 
Car. Occ. P 4 
Kdrenal msufherens Light ether Femoral blood pre 
intern cluded peripheralcutend ot both splar 
supramaxima n thorax. Eph., ephedrine drochloriads 
2 nol phvstological saline 
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mm. He. Carotid occlusion, as figure a@ shows, re- 
ited in a rise ino pressure of 62 mm. He. Simultaneous stimulation of 
oth splanchnics in the thorax, however, elicited a rise of but 15 mm 
iv. | b) which is « niy atraction of the rise obtaimed in animals examined 
efore or early in the course of the vaseul: f adrenal insuth 


ney 


Phe pressor reflex cheited by occluding the carotid arteries is, of cours 


lependent on the imtegrity of spinal svnapses. When the blood pressure 


is been lon@ ata eritieal level of about 50 mm. He. cord funetion fails 
Probably blood flow rather than the actual level of pressure is the crities! 
wetor, and in adrenal insufficiency this is reasonably certain to be seri 
ously diminished due to hemoconeentration anda diminished) 
output even before the blood pressure falls to such a level. Consequently, 
Is not surprising that carotid occlusion may fail to cause a significant 


rise in blood pressure 1 the final stage of cardiovascular Collapse The 


following experiment bears witness to the occurrence of this state \ 
emale eat of 3.3 was adrenalectomized on 26, 1938 and received 
cortin for four days. After nine days without cortin, weakness was so 
extreme that it only shambled a few steps with utmost urging. There was 
a wele@ht loss of 0.33 kem. and the reetal temperature was 33°C. Phe 
emoral blood urethane shesthesia Wits He and fell 
stendily. Stimulation of thr right splanel nie nerve resulted in a rise ot 


blood pressure Trom $4 to 54 mm He Stimulation of the central eut end 


of the right seiatie nerve led to a questionable rise from 46 to 50 mm. Hg 
and earotid occlusion from 45 to 59 mim his virtual extinetion of 
spinal svnapses accounts for the failure int] nrotl ~ pressor reflex 
In this ease. Certaindy the vascular tissues were capable of responding for 
0.02 mem. of epinephrine myjected intravenously | arise in the blood 
pressure from 56 to 130 mim. He 

2. The effect of ephedri iydrochloride irine enuses arise in blood 
pressure cats dn adrenal imsuficieney roughly proportional to the rise 
enuscd by splanchmie nerve stimulation. In the following experiment 


the cat was but moderately weak Yomale animal of 4.9 kom... it had been 
adrenalectomized on be bruary 2, 1938, cleven davs subse quent to the re- 


moval of the right superior cervieal ganghon. The postoperative course 


Included four days’ treatment with cortin and following this, twelve days 
without cortin before signs of adrenal insufficiency appeared. The weight 
loss was 0.77 kem. and the rectal temperature, then, 34°C. Splanchnie 
herve stimulation was strongly effective, and 2 mem, of ephedrine produced 
a strong and sustamed rise in blood pressure, and also of the denervated 
nem. (fig. 2 This stands in striking contrast the second experiment 
cited im this paper in Which the eat was a state ol collapse when ex 
amined The vaseular failure was marked, and as figure | shows, neither 


splanchnie stimulation nor ephedrine elemted much rise in blood pressure 
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ww 


2. Mild adrenal insufficiency. Nembutal. Upper tracing carotid 

. lower tracing of right denervated nom. (lever magnification 15) 
Spl., peripheral cut end of right splanehnie nerve stimulated supramanxima 
rise, 90 sec. later, to released svmpathin 
2 saline 


pressure 


Note nem 


in abdomen 
ephedrine hydrochloride injected intravenously, 


for 


150 minHg 


Severe adrenal insufficiency. Light ether. Femoral blood pressure 
peripheral eut end of both splanchnic nerves stimulated supramaximal! 

tine, LO mgm. in ee. saline injected intravenously (afte 
ephedrine HCl, 10 mgm. in 1 ee. saline injected intravenously 


(b) mies 


in thorax 
epinephrine injected intravenously, 0.04 mgm. in Tce. saline 


atropine) 


In confirmation of this latter finding, another experiment which shows 
Was 


similar result bat which is more complete in respeet to certain other 
The eat, a male which weighed 3.3 kgm 


details will be deseribed., 
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adrenalectomized on February 8, 1938 and did not receive cortin. Seven 
days after operation it was extremely weak, had lost 0.5 kgm. and had a 
rectal temperature of 34°C. Under light ether anesthesia, the carotid 
blood pressure was recorded at 50 mm. Hg, falling after section of the 
splanchnics in the thorax. Simultaneous stimulation of these nerves was 
accompanied by a 10 mm. rise in pressure only (fig. 3 a). Three minutes 
after the administration of 5 mgm. of atropine, 10 mgm. of nicotine were 
injected intravenously with negligible result (fig. 3b). Ephedrine hy- 
drochloride, 10 mgm., was also without effect on the blood pressure. 
ipinephrine, 0.04 mgm., however, caused a rise from 25 to 142 mm. Hg 
(fig. 3c). 

Discussion. Nowak (1934) reported that occlusion of the carotids 
performed on adrenalectomized cats showed a diminishing pressor re- 
sponse corresponding to the degree of severity of the adrenal insufficiency. 
In the terminal stage, with the blood pressure at about 65 mm. Hg, he 
obtained practically no increase in blood pressure. In a recent paper 
(1938) he described experiments in which he found good pressor responses 
even in severe adrenal insufficiency. He satisfactorily explains his earlier 
results on the basis of the dampening effect of ether which was the anes- 
thetic used. The findings described in the present paper are quite in 
agreement with Nowak’s 1938 paper. The fact that ether was not found 
to interfere with the carotid sinus pressor reflex in the two experiments in 
which it was used was probably due to the small amount employed. 
These animals received only sufficient to induce anesthesia and thereafter 
little or none was necessary to insure quiet, presumably because the blood 
pressure was so low. 

The finding of Baeq, Brouha and Heymans (1934), confirmed by Bacq, 
Bremer, Brouha and Heymans (1937), that carotid occlusion causes a rise 
in blood pressure in the cat even after total sympathectomy, is not incon- 
sistent with my results. These reports indicate that there is some path 
to the splanchnic region other than the white rami through which vaso- 
constriction can be effected. Hence, though stimulation of splanchnic 
vasoconstrictors be ineffective, as found by Elliott (1914), and by Arm- 
strong, Cleghorn, Fowler and MeViear (1939), the marked pressor effect 
on occlusion of the carotids may be mediated by this extra sympathetic 
route. 

The failure of ephedrine to cause its usual rise in blood pressure in 
adrenal insufficiency is explicable in the light of the work of Blaschko, 
Richter and Schlossmann (1937) and of Gaddum (1938). The results of 
these workers indicate that it normally exerts its effect by preventing the 
destruction of epinephrine by amine oxidase, thus potentiating adrenergic 
nerve effects. The failure of ephedrine to cause a substantial pressor 
effect in the vascular failure of adrenal insufficiency may be tentatively 


| 


138 R. A. CLEGHORN 


interpreted, therefore, as due to a depletion of sympathin at cardio- 
accelerator or vasoconstrictor nerve endings, or of both. The fact that it 
causes contraction of the denervated n.m., noted in figure 2 b, must mean 
that sympathin is elaborated even after degeneration of nerve endings, 
and in the absence of both the adrenal cortex and medulla, unless the n.m. 
contraction is due to sympathin derived from elsewhere. 


SUMMARY 


1. Occlusion of the carotid arteries causes a marked rise in blood pres- 
sure in adrenalectomized cats even at a time when adrenal insufficiency is 
severe and splanchnic nerve stimulation elicits but little increase. 

2. When the circulation has become so poor that spinal reflexes become 
impaired, carotid occlusion fails to cause a substantial pressor effect. 

3. The effect of ephedrine on the blood pressure of the cat in adrenal 
insufficiency roughly parallels the degree of response obtained on splanch- 
nic nerve stimulation. This becomes progressively less with the progress 
of the terminal cardiovascular failure. 

4. The interpretation of the above findings is briefly discussed. 


The author wishes to express his indebtedness to Prof. Duncan Graham 
for his helpful interest in this work, and to Dr. Laurence Irving for the 
benefit of many useful discussions. 
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It was shown by Baetjer (1935) that the potassium content of venous 
blood increases suddenly by 60 per cent or more when the rate of blood 
flow is decreased to 20 per cent of the initial value. Smaller decreases in 
flow had little or no effect. In her experiments the rate of flow from the 
femoral vein of a cat was measured and the blood was analyzed for potas- 
sium. The rate of flow was decreased by hemorrhage, by sympathetic 
stimulation and by occlusion of the arterial supply. In all three types 
of experiment, when the potassium content was plotted against the rate 
of flow, all the points apparently fell upon a single smooth curve indicating 
that a decrease in blood flow below a certain critical point (20 per cent) 
caused a progressively greater increase in potassium content up to 160 
per cent of normal or more. A number of other reports in the literature 
(Houssay, Marenzi and Gerschman, 1936; Zwemer and Pike, 1938; Cattell 
and Civin, 1938) have likewise shown that asphyxia causes an increase in 
the potassium content of blood (Mullin, Dennis and Calvin, 1938; Dennis 
and Mullin, 1938; Dennis and Moore, 1938). From these experiments it 
is inferred that a decrease of blood flow through any tissue leads to a loss 
of potassium from that tissue as a result of asphyxia. Houssay, Marenzi 
and Gershman (1936), however, have reported that asphyxia causes no 
rise of arterial potassium when the liver is removed from the circulation. 
This casts some doubt upon the conclusion of Baetjer (1935) that the in- 


creased K came from muscle especially since she made no parallel deter- 


minations of arterial potassium which likewise increases after a certain 
critical amount of hemorrhage (Thaler, 1935, and d’Silva, 1934). We 
have therefore repeated the experiments of Baetjer with some modifica- 
tions of the procedure and with simultaneous analyses of arterial blood. 

While we confirm her figures it appears that the rise in venous potassium 
concentration which she observed after hemorrhage was due in part to an 
increase in the arterial concentration. The loss of potassium from muscle 
as a result of asphyxia is small but nevertheless definite. 

Mernop. Cats were used after intraperitoneal injection of 0.7 cc. of 
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dial per kgm. body weight or after decerebration under ether (expt. 12 
The animals were also given 750 units of heparin (Connaught Labora- 
tories). A cannula was introduced toward the heart in the saphenous vein 
near its Junction with the popliteal. The cannula protruded just beyond 
the junction so that when the femoral vein was clamped centrally all th 
blood from the popliteal passed through the cannula and dripped into a 10 
cc. graduate or was collected under oil in a small 5 ec. beaker. The tim: 
needed for the collection of each sample was recorded. When collection 
was made in a beaker the volume of blood was determined by weight 
The blood was stirred and 1 to 1.5 cc. was put into an hematocrit tube (12 
cm. long and 4 mm. inside diameter) and centrifuged; 0.4 ec. of the plasma 
was taken for K analysis by Wilde’s (1939) micro-modification of the Shoh| 
and Bennett method. 

The technique was varied in several particulars as the experiments 
progressed. At first venous samples were taken by syringe and the blood 
flow was measured by a Rein thermostromuhr (expts. 1 to 5). Later the 
measurement of flow was made by collecting the outflow. In order to save 
blood the excess not needed for analysis was warmed and reinjected into the 
cat (expts.6to11). In later experiments excessive bleeding between sam- 
ples was avoided by removing the clamp from the femoral vein and clamp- 
ing off the cannula so that the flow through the leg was temporarily re- 
turned to the cat. 

Various mechanical devices were used in the earlier experiments (1 to 5) 
for reducing the flow of blood, but the simpler method of pressure on the 
artery with the finger at the level of the cannula, in the groin or in the ab- 
domen eventually proved superior and more easily adjustable. It was 
difficult, however, to control the flow perfectly by this method on account 
of collaterals. In the last six experiments (nos. 13-18) this was avoided by 
tying mass ligatures around the leg leaving only the artery and the vein 
free. As a further precaution of possible importance a hole was drilled 
in the femur and the lumen of the bone was plugged with cotton. There- 
after the flow through the cannula could be completely controlled by pres- 
sure on the femoral artery. In some experiments (9 to 12) attempts were 
made to tie off all branches of the femoral artery and vein except those 
going to the gastrocnemius muscle in order to reduce the volume of flow to 
a more convenient magnitude, but this usually resulted in rapid deteriora- 
tion of the preparation as evidenced by cessation or marked slowing of the 
flow. The values for the blood flow given in table 1 are not entirely com- 
parable in different experiments for this reason and also because of varia- 
tions in the sizes of the cats. 

In a typical experiment two or three preliminary samples were taken 
from the vein. Then the flow was diminished by obstructing the artery 
and two or three asphyxia samples were taken. During this time the rate 
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TABLE 1 


The effect of diminished blood flow on the arterio-venous plasma potassium difference 


BLOOD FLOW | ARTERIAL K VENOUS K MINUS ARTERIAL K 


Before During After 


DvRATION 
or ASPHYXIA 


Before 
During 
During 


Group A—High V-A difference 


mgm, mgm, mgm, mgm. mgm, mgm, mgm. 
ce. ce. ce. 4 ng 9 


Der per per per r r per 
min, min, mtn, pes I 
cent cent cent cent cent cent cent cent 


0.3 0} 14.2) 13.2) 12. 2. 5 3. 3 
0.2 3) 12.1 13 23 4.4 5 
1.2 11. 2.5 18.§ 
0.1 17.: 19. 
0.4 12.8 
14.6 19.3 
13. 20. 
ll.é 12. 
11.3 14. 
14. 15. 
12. 


nm 


t 


2.1 


Group B—Low \V-A difference 


‘ 


5; 12 0 


14.: 
11.8 
15. 
17 


0 
0. 


— 
Saw w 
two o 


Cr 


er OO 


w 
for) 


18 

Average. 3.§ 3 4 
Group C—Negative V-A difference 

la 3: 20.7| 22.8) —5. 

16 ‘ 22. 19.8 

l6a 3. 3.2) 19.8 18 
Average. 
of flow was judged by watching the outflow and an attempt was made to 


keep the flow slow and uniform. To do this the artery was intermittently 
opened for a few seconds whenever the flow seemed to have slowed down 
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NUMBER 
min, per 
cent 

14 16 2.7 7 |-—0.9 

Ita 18 1.8 6 4.2 

17 16 4.5 6 0.8 

15 49 0.8 0 

5 15 23 4 2.9 

2 35 2.1 

21 

11 10 3.2 

17a 15 1.0 

6 21 2.0 2.6 

6 

Average. 2.2) 0.4 2.1 |__| 2.8) 2.3 2.3| 0.8 L.2 

7a 10 2.0) 0.3 1 0 7 

7 25 2.2) 0.5 2 0 1.6 

10 13 7.6) 0.4 0 12.2 0 3 1.6 

3 38 16.8 16.5 ] 4 0.4 

l3a 12 2.4) 0.3 1.6; 14.1 0 

12 18 0.8 0.3 1.35} 10.2) 13.0 0. 1.6 1.0 

13 15 8.8 0.4 5.6) 14.8: 14.1 0 0.4 
8 30 2.8) 1.1 2.0; 26.0) 27.0) 22.6, 4 0 2.0 

4 46 13.9; 11.9) 14.0; 2 1.5 0.9 

lla 10 1.3, 0.2 0.9 12.8 12.4 ] 0.9 0.5 
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too much. At the end of the asphyxial period the artery was released and 
and 2 or 3 samples were taken in succession. The flow was then usually 
returned to the cat for a time and later samples were taken at intervals 
so as to observe the recovery from asphyxia over a period of 20 to 30 
minutes. In some experiments it was possible to obtain observations on 
two successive asphyxial periods with a recovery period in between befor 
the cat began to show signs of anoxia. In order to save loss of blood 
arterial samples were not taken for every venous sample but they wer 
taken at intervals during the experiment and intervening arterial values 
were obtained where needed by interpolation. 

Resvuuts. The results are presented in table 1. All the experiments are 
included except those which were invalid because of technical errors and 
one in which the blood flow was not significantly changed by the pro- 
cedure adopted. The 18 successful experiments have been divided into 
groups A, B and C according to the magnitude of the V-A (venous minus 
arterial) plasma potassium difference found in the last period before the 
asphyxia. In group A (high V-A difference) the muscles were giving out 
potassium and the initial venous K content was greater than the arterial 
content by 1 mgm. per cent K or more. In group C (negative V-A dif- 
ference) the muscles were originally taking out potassium from the arterial 
blood. Group B represents intermediate experiments with an initial low 
but positive V-A difference. When two periods of obstructed flow were 
obtained on the same animal they were numbered 1 and la, ete. In the 
table the experiments are numbered in the order in which they were done 
but they are arranged in order of magnitude of the V-A potassium dif- 
ference. ‘Two periods from the same experiment do not therefore always 
appear in the same group. 

The periods of diminished flow varied in length from 6 to 49 minutes and 
the flow was reduced during this time to at least 20 per cent (frequently 
< 10 per cent) of the initial value. In the table the lowest value found 
for the blood flow during the asphyxia is given and the highest value ob- 
tained in the post-asphyxial periods. The highest value was ordinarily 
found in the period just following the release of the artery. 

Values are given in table 1 for the arterial potassium before, during and 
after the period of obstruction. In the later experiments the arterial sam- 
ples were less frequent because it was found that the changes were not sig- 
nificant. In experiments for which complete data are available it is found 
that the average arterial potassium was 14.8 mgm. per cent before, 15.6 
during and 16.4 after asphyxia. The progressive increase is due to the in- 
cipient effects of hemorrhage. The loss of blood was usually not sufficient 
for more acute effects. 

Values for “venous minus arterial plasma potassium”’ contents are given 


in table 1 when possible for two successive periods preceding asphyxia, 
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iwo periods during asphyxia and two periods following asphyxia. When 
more than two periods were followed during asphyxia the figures for the 
last two were averaged together. In groups B and C it is evident that the 
potassium content of the venous blood increased during the period of 
diminished flow. In group A the flow was initially slow and the muscles 
were already liberating potassium to the arterial blood so that a further 
diminution of flow had relatively little effect and in some experiments 
even seemed to decrease the previous output of K by the muscles. In 
group C on the other hand where the initial flow was larger and the pe- 
ripheral circulation was undoubtedly in better condition the muscles were 
removing K from the arterial blood at the beginning of the experiment and 
when the flow was reduced the blood began to take up considerable 
amounts of potassium from the muscles. Asphyxia caused therefore a 
much more marked change in the K content of venous blood in group © 
than in group A, but the positive V-A difference in K content during as- 
phyxia is not significantly greater in group C or B than in A. In other 
words, there seems to be a maximum increase in K concentration which 
the blood can attain in passing through the muscles and the magnitude of 
this increase is largely independent of the degree and duration of the 
circulatory arrest. Presumably if the asphyxia is continued to the point 
of muscular disintegration the venous potassium would be increased. 

Blood pH. In experiments 12 to 18 the outflow was caught under oil 
ina small 5 ec. beaker. After taking a sample for potassium in a hemato- 
crit tube the remainder was used for pH measurements. One sample was 
sucked up without exposure to air into a glass electrode of the type de- 
scribed by Pickford (1937) and measured on a Beckman pH meter (pH as 
drawn). Another sample was equilibrated with 5 per cent CO, and 95 
per cent oxygen in a microtonometer, after which its pH was measured in 
the same way as before. The average results of these measurements are 
shown in table 2. 

The arterial “pH as drawn” (under oil) reflects only the effects of the 
progressive hemorrhage, the initial effects of which are a slight increase in 
alkalinity due to over-ventilation. This preliminary alkalinity is more 
marked in some of the individual experiments than is suggested by the 
averages before and after asphyxia. Finally the arterial pH becomes pro- 
gressively more acid as lactic acid is formed. This accumulation of fixed 
acids is shown by the increasing acidity of the arterial blood equilibrated 
with 5 per cent COs. The venous blood as drawn is normally about 0.1 
pH unit more acid than the arterial blood and tends to become slightly 
more acid during and immediately after asphyxia. This is partly due to 
the accumulation of fixed acids since the pH of the same samples at 5 
per cent CG, also becomes more acid. Even before asphyxia the venous 
blood at 5 per cent COs is slightly more acid than the arterial blood simi- 
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larly equilibrated. Thus under the conditions of the experiment son 
fixed acid was entering the blood as it passed through the muscles eve: 
before asphyxia. This change was increased during asphyxia and show: 
no tendency to recover after asphyxia. 


It is significant that there is a net increase in fixed acids in the venou 
blood during asphyxia because it indicates that the potassium which cam 
into the blood entered either with some other anion or in exchange fo 
sodium. If it had entered as KOH with no other electrolyte change- 


TABLE 2 


Average pH values (6 experiments 


pH at 5 PER CENT CO 


»H AS DRAWN 
I AND YO PER CENT ©) 


Venous, before asphyxia 7.38 7.25 
Venous, during asphyxia 7.35 4.22 
Venous, after asphyxia | minute 4.80 
Venous, after asphyxia 5 minutes 7.2 7.20 
Arterial, before asphyxia 7.47 7.20 
Arterial, after asphyxia 7.48 7.25 


TABLE 3 


Effect of asphyxia on average arterio-venous hematocrit differenc 


GROUP BEFORE DURING 


i +1.5 0.3 +2.2 
B +0.9 —0.7 +2.2 
+0.7 1.4 +2.4 


Grand average +0.9 0.3 +1.: 


to 


\ + sign indicates a larger hematocrit in the venous than in the arterial blood 
and vice versa. The initial arterial hematocrit value was between 40 and 53 per cent 
in ll of the experiments. It was between 33 and 38 per cent in experiments 7, 9, 16 
and 18; it was 27, 28 per cent respectively in experiments 10 and 11 and only 16.5 per 
cent in experiment 8. 


there should have been a measurable increase in the alkalinity of the blood 
at 5 per cent COs. 

Hematocrit. Relative cell volumes were determined on each sample otf 
blood taken. Table 3 shows the average difference between venous and 
arterial hematocrit values for the experiments of groups A, B and C before, 
during and after asphyxia. The values were taken from the last sample 
previous to asphyxia, the first sample during asphyxia and the first sample 
after asphyxia. The figures for the grand average include all the samples 
of all three groups taken before, all those taken during and all those taken 
after asphyxia. The average effect of asphyxia is the same in all three 


AFTER 
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groups, although in about } of the individual experiments changes in the 
opposite direction were found. In general the cell volumes are greater in 
the venous samples than in the arterial both before and after asphyxia but 
during asphyxia the average cell volumes are less in the venous blood than 
in the arterial. Baetjer (1935) also found a decreased hematocrit during 
clamping of the aorta. This presumably means that the diminished hydro- 
static pressure in the capillaries permits the blood to take up extracellular 
fluid from the tissues. The amount of extracellular fluid so moved from 
tissue to blood is presumably greater than any amount of water moved 
from the plasma into the intracellular water as a result of anaerobic break- 
downs. These conflicting tendencies probably account for the variable 
results obtained. Hematocrit values for experiment 13 were omitted 
from these averages because in that case diminution of flow was caused by 
clamping the cannula instead of the artery. This resulted, of course, in a 
large increase in the hematocrit value from 52 to 67 per cent. 

In interpreting the potassium changes no account has been taken of the 
changes in hematocrit because they are probably due in large part to gain 
or loss of interstitial fluid containing K in the same concentration as in 
plasma. It may be noted moreover that an average decrease in hemato- 
crit during asphyxia cannot explain an average increase of plasma K. 

Discussion. While these results are in general confirmatory of the ex- 
periments of Baetjer (1935) it is nevertheless apparent that the increase 
in venous potassium content observed in asphyxia is not usually over 20 
per cent of the arterial value except in occasional cats in which before as- 
phyxia the venous K was less than arterial K. The larger increases re- 
ported by Baetjer (60 per cent) after decrease in flow due to hemorrhage 
were probably due to an increased arterial potassium, a possibility which 
she herself suggested. In a repetition by us of one such hemorrhage ex- 
periment, in which the animal was slowly bled to death through the femoral 
vein, large increases in venous potassium were eventually found (1.e., from 
a normal value of 16 up to 21 mgm. per cent) just before death but not 
before the arterial plasma potassium had increased from 11 to 21 and fi- 
nally to 33 mgm. per cent. Thus in the terminal stages it even seemed 
possible that the muscles might be removing potassium from the blood 
rather than contributing more to it. 

There seems to be, therefore, a limit to the amount of potassium which 
blood can take from a muscle merely because of diminished rate of blood 
flow and this amount is not very large. This was indicated in several ex- 
periments in which the venous flow had ceased altogether for some time. 
By massaging the'limb in such instances enough blood was obtained for a 
potassium analysis. Even in this blood, however, which had remained 
completely immobile in the muscle capillaries for at least 5 10 minutes 
the A-V potassium differences were no larger than the average values shown 
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in table 1. This may mean that only a small fraction of the blood samp|: 
analyzed was actually stagnant in the capillaries where exchange with thi 
tissues is easy. ‘To some extent also the capillary flow may have bee: 
greater than the cannula flow because of collateral return pathways 
Nevertheless the data do not seem to indicate a gain of K in proportio: 


to the decrease in flow. It seems more likely in fact that small degrees o/ 
asphyxia may cause a liberation of K while larger degrees may cause its 
retention. This, however, requires further confirmation. 

It should be pointed out further that in spite of the increased A-\ 
potassium difference due to diminished flow (group B, table 1) the absolut: 
rate of loss of potassium from the muscle during asphyxia was diminished, 
for the blood flow was decreased 10 times while the A-V difference only 
increased 6 times. Since the concentration of potassium in the muscle is 
some 30 times that in the plasma, it is difficult to see why more potassium 
could not have been carried away if it had been really “liberated” by the 
muscle. It seems rather as if an equilibrium potassium level in the plasma 
had been raised slightly by the asphyxia. 


SUMMARY 


Partial or intermittent occlusion of the arterial blood supply of a muscle 
results in an increase in the concentration of potassium in the venous 
plasma or may cause the muscle to give out potassium to the blood rathe: 
than to take it up from the blood. Excessive slowing of the circulation or 
complete stagnation does not increase the potassium more than a moderate 
slowing. The potassium which enters the blood does not cause a corre- 
sponding increase in alkalinity and therefore enters in exchange for some 
other cation or accompanied by some non-volatile acid. Usually water is 
also taken up by the blood when the flow is diminished. 


We are much indebted to Miss Eugenia T. Sheridan for some of the 
analyses reported in this paper. 
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Recent work has shown that the acetyleholine-content of the uterus 
increases measurably following injection of the estrogen, Ammiotin, into 
ovariectomized rabbits. The maximal concentration of aeetvicholine in 
the uterus is found within one hour after injection of the hormone. This 
coincides with the period of maximal hyperemia resulting from the estro- 
gen, but it precedes by several hours an appreciable increase In metabolic 
activity (rate of oxygen consumption) by the uterus. ‘These changes do 
not take place after jection of sesame oil alone (Reynolds, 1988a, 19398 

The present experiments are an extension of the former; they were pel 
formed in order that comparison might be made between the cholinergic 
actions of several pure estrogens and Ammiotin. “The latter is a mixture 
of estrogens containing a predponderance of estrone, prepared from preg 
nant mare’s serum. In addition to this comparison, the effect of a second 
injection of estrogen, made when the initial cholinergic effeet of the hor- 
mone is on the wane, has been determined. Finally, observations have 
been made on the relative cholinergic effects of two widely-mentioned ar- 
tificial estrogens, tri-phenyl ethylene and stilboestrol (4:4° dihydroxy, 
.diethylstilbene). 

METHODS AND MATERIALS The rabbits used in this work were of mixed 
stock. Usually, subcutaneous Injection of the estrogen was made one 
hour prior to killing the rabbit by intravenous injection of air. In some 
experiments, however, one uterine cornu Was obtained from untreated 
rabbits under Dial anesthesia (given intramuscularly) ; the remaining 
cornu Was then taken for extraction an hour after injection of the hormone 

The method of extraction of the tissues for acetylcholine was that of 
Chang and Gaddum (1933) and was precisely like that described by one 


of us (Reynolds, 1939a) with one exception. This was that the evapora- 


tion of the tri-chloracetic acid extract of the tissues in the present expert 
ments was carried out at a pressure of O.l mm. Hg while in the former 


‘Supported by grants from the Committee on Scientific Research, American 
Medical Association; the Committee on Endocrinology, National Research Couneil 
and the Josiah Maey, Jr. Foundation 
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series (referred to hereafter as the 1938-series) was carried out at a pri 
sure of about 50 mm. Hg. Accordingly, the time required for evapor 
tion Was shorter in the present work than in the earlier experiments. TI 
possible effect of this on the acetylcholine-content of the extracts is sug 
gested by the difference between the 1938-series and the present ones | 
the case of utert taken twelve hours after an injection of Ammiotin (sé 
fig. 3). The fact that there is no measurable difference in the extract 
prepared from uninjected animals in the 1938-series and the present wor! 
is Indicative of the low acetylcholine-content of such uteri at best. 

The test-object employed to measure the amount of acetylcholine in 
the extracts was the rectus abdominis muscle of the frog, Just as recom 


#48r 0.05r 
0 34cc 


+ 
NaOH 


) 


Fig. | Fig. 2 


Fig. 1. Tracings showing the effect of eserinizing the rectus abdominis muscle ¢ 
the frog to the etfeets of acety Icholine and an extract of uterus Reading from left 
to right, the first three responses show the effeet on the uneserinized muscle of 
gamma of acetylcholine and of 0.55 ee. of an extract of the uterus taken one hou 
after injection of estradiol-benzoate; the next three curves show the potentiation 
effect of eserinizing the rectus abdominis muscle to acetylcholine and finally, the 
augmentation of the response of the frog-rectus muscle to the uterine extract 
Similar potentiation effects were demonstrated with uterine extracts prepared afte: 
injection of each of the estrogens used (with the exception of stilboestrol) 

Fig. 2. Effect of NaOH on an active uterine extract. Left, response of the frog 


reetus abdominis muscle (eserinized) to acetylcholine and 0.39 ce. of an extract of 
rabbit uterus prepared one hour after injection of estradiol. Right, non-effect of 
0.34 cc. of the uterine extract after it was treated with 2 N NaOH. Similar inactiva 
tion with NaOH was demonstrated with the other tvpes of extracts used in this work 


mended by Chang and Gaddum, and as in our earlier work (Reynolds, 
1939a; Reynolds and Foster, 1939). Most tests were made on the eserin- 
ized muscle. This preparation is senstive to 0.01 to 0.05 gamma of acetyl- 
choline. Some tests were made with each type of extract, however, on 


the muscle before eserinizing as well as afterwards. The potentiation of 


the response of the muscle to acetylcholine as a result of eserinization Is 
the most conclusive of several confirmatory tests which are available (see 
fig. 1). In addition to this test, inactivation of certain tissue extracts by 
sodium hydroxide (see fig. 2) also has been demonstrated (see Reynolds, 
19394). Estimation of the quantity of acetylcholine in the extracts was 


made, as before, by comparing the amplitude and form of the contraction 
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of the muscle to graded dosages of acetylcholine and to known amounts 
of the tissue extracts. The results are expressed in gammas of acetyl- 
choline per gram of fresh uterus (see fig. 1). 

The dosage of estrogens used? was regulated according to the estrus- 
inducing equivalents, adjusted to approximately 100 to 400 international 
units per kilogram of body-weight. This is the dosage employed in the 
1938-series. Only in the case of stilboestrol were much larger quantities 
used (about 30,000 international units per kilogram) when it was found 
that smaller amounts were ineffective in raising the acetylcholine-content 
of the uterus. 

The estrogens were selected for their several properties in eliciting 
uterine growth changes (in the rat), especially with regard to their varying 
latent periods, times for maximal response, and the duration of the effects. 
These have been much studied, especially by Miescher and his associates 
(Miescher, Scholz and Tschopp, 1938), and the relative “work-outputs”’ 
of a large series of estrogens determined. Although these same estrogens 
were available for the comparisons of the present experiments, the following 
observations were restricted to the use of three, namely, estradiol, es- 
tradiol-benzoate, and estradiol-dipropionate. Based on the duration and 
extent of activity of a unit amount of estradiol, the two esters have a work- 
output of 5.9 and 27.9 respectively. Estradiol exerts its maximal effect 
on uterine growth in four days, the benzoate ester in eight days, and the 
dipropionate in twelve days. Inasmuch as the maximal cholinergic effect 
of Amniotin (high in estrone content) occurs within one hour after injec- 


tion, the effect of esterification on this initial cholinergic response was 
deemed important. At the present time it is not known whether esterifi- 
cation delays the rate of absorption of the estrogen at the site of injection, 


or whether the delay in the uterine response to the estrogen-ester lies 
within the uterus, subsequent in time to the initial cholinergic action of the 
hormone. The following experiments supply the answer to this question. 

Resutts. The results obtained in this work are noted in table 1 and 
are briefly summarized in figure 3. In general, they show that all the es- 
trogens used, with the single exception of stilboestrol, were highly effec- 
tive in raising within one hour the concentration of an acetylcholine-like 
substance in the uterus of the ovariectomized rabbit. Significant dif- 
ferences in the effectiveness of the several estrogens cannot be proved by 
the present data, however. There are relatively wide variations in the 
average values obtained for certain groups (see fig. 3), although calculation 
of the standard deviations for each group of experiments shows that these 


2 We are indebted to Dr. J. A. Morrell, of E. R. Squibb & Sons for supplies of 
Amniotin, tri-phenyl ethylene and stilboestrol, and to Dr. Erwin Schwenk, of the 
Schering Corporation, for supplies of estradiol, estradiol-benzoate and estradiol] 
dipropionate. 
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differences in the means of the various groups are more apparent than real 
owing to wide dispersion of the data. Too much importance should 
probably not be placed upon this aspect of the results, however. This is 
so since, in handling very small quantities of tissue (0.5 to 2 grams 
which contain at best but a few gammas of an extremely labile substance: 
that is being assayed, it is to be expected that some experiments will bh 
more successful than others. If, therefore, the mean values noted her 
may be regarded as being indicative of what results from consistently 


OVARIEC - 1938 
1939 


AMNIOTIN - 1 hour ee 
| 1938 | 
12 hours 


|__| 


ESTRADIOL - 1 hour 


| 
dipropionate 
| 


TRIPHENYL ETHYLENE 


STILBOE STROL 


ACE TYLCHOLINE - gamma per gram of uterus 


Fig. 3. Summary of data in table 1, showing the relative cholinergic effects of the 
estrogens used in this study. The vertical line at the left (at 0.068) indicates th: 
mean concentration of an acetylcholine-like substance in the uterine extracts pre 

pared from thirty-four untreated, ovariectomized rabbits. The line at the right 
(0.420) indicates the acetylcholine-content of the uterus taken after injection of 
Amniotin (one hour after, unless otherwise indicated). With the exception of 
stilboestrol, the estrogens exhibited marked cholinergic effects upon the uterus. In 
the case of Amniotin, the concentration of acetylcholine in the uterus twelve hours 
after injection of the injection is shown. A second injection (12 hrs. + 1 hr.) is 
effective in raising the acetyleholine-content of the uterus a second time. 


optimal experiments would give, the following pertinent relationships 
may be pointed out. 

Acetylcholine-content of utert from untreated, ovariectomized rabbits. The 
average concentration of acetylcholine is low, both in the 1938-series and 
in the present experiments. The mean values agree well, and the standard 
deviation is small for both groups of data. 

Repeated injections of estrogen. As in the 1938-series, the acetylcholine- 
content of the uterus taken twelve hours after a single injection of Amniotin 
is definitely less than at the end of the first hour. At one hour after a 
second injection made at the twelfth hour, however, the quantity of acetyl- 
choline in the uterus is as great as at one hour after the first injection. It 
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therefore appears that quickly raising the amount of circulating estrogen 
is an effective stimulus for mobilization of an acetylcholine-like substance 
in the uterus. 


This conclusion follows, since at the time the second injection is made 


in these experiments, estrogen is circulating in the blood and is beginning 
to exert a strong metabolic stimulus on the uterus (MacLeod and Rey- 
nolds, 1938; Reynolds, 1938b, 1939b), although the concentration of acetyl- 
choline in the uterus is low. Mention was made above of the fact, more- 
over, that the time of maximal response (uterine growth) to the estrogens 


TABLE 1 
Summary of data on the effect of various estrogens on the concentration of an 
acetylcholine-like substance in the uterus of the rabbit 


CONCENTRATION OF AN 
ACETYLCHOLINE-LIKE 

SU BSTANCE 
NUMBER 
ESTROGEN USED OF UTERI 
TESTED 


DOSAGE OF 
ESTROGEN Mean 
vaiue, 
gammas 
per gram 
uterus 


Standard 
deviation 


Ovariectomized 
1938 065 
1939 O70 
Amniotin 
Ist hour after injection F 100 $20) 
12 hours after injection: 
1938 100 051 +().037 
1939 100 210 +0 .054 
2nd injection 12 hours after first one 4100 162 t0.319 
Estradiol 100 137 +0.516 
Benzoate ( 100 170) 325 
Dipropionate 100 797 +().282 
Tri-pheny] ethylene 100) 504 353 
Stilboestrol 30,000 0.121 t().119 


dev? 
iss 


used in this work extends up to twelve days. Consequently, the initial 
cholinergic action of estrogen anticipates by a wide margin the growth, 
metabolic and motility responses of the uterus to estrogen, and is not an 
immediate agent in any of these effects of the hormone. Its réle as a 
vasodilating agent has been discussed elsewhere (Reynolds, 1938b) 

Effect of esterification on cholinergic action of estrogens. Both estradiol 
and the benzoate ester are about equally effective in increasing the acetyl- 
choline-content of the uterus (see fig. 3), and compare in their respective 
cholinergic effects upon the uterus with the action of Amniotin. — l’stradiol- 
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dipropionate is still more effective than any of these three in raising thi 
acetylcholine-content of the uterus within one hour of the time of injec- 
tion. It is therefore clear that although esterification delays and prolongs 
the uterine growth response to estrogen, nevertheless the initial, cholinergi: 
effect of the several estrogens is prompt in onset. Consequently, the de- 
layed growth response of the uterus to esterified estrogen is not attribut- 
able to delayed absorption of the hormone, but to retardation of thy 
metabolic events in the uterus which transpire subsequently to this ini- 
tial acetylcholine response. 

Activity of artificial estrogens. The artificial estrogens, tri-pheny! 
ethylene and stilboestrol, differed widely in their respective capacities to 
raise the acetylcholine-content of the uterus. Tri-phenyl ethylene ex- 
hibited a cholinergic effect on the uterus comparable to that of Amniotin, 
estradiol and estradiol-benzoate. The activity of stilboestrol, however, 
Was Virtually nil, in dosages ranging up to seventy times or more that used 
in the case of the other estrogens (i.e., up to 3 mgm.; 0.1 mgm. stilboestro! 
is equivalent to 2500 international units of estrogen). Consequently, it 
may not be said that this estrogen, stilboestrol, is entirely comparable to 
the other natural or artificial estrogens used in this work. 


SUMMARY 


1. The effect of selected estrogens on the concentration of acetylcholine 
in the uterus of the ovariectomized rabbit was determined. The estro- 
gens used were: Amniotin, estradiol, estradiol-benzoate and estradiol- 
dipropionate. The artificial estrogens used were tri-phenyl ethylene and 
stilboestrol. 

2. Confirming earlier work with Amniotin alone, it was found that each 
of these estrogens (with the exception of stilboestrol) increases within an 
hour the acetylcholine-content of the uterus. By the 12th hour after in- 
jection, the amount of acetylcholine in the uterus is distinctly less. 

3. A second injection of estrogen made at the 12th hour after a first 
injection of estrogen serves to raise again the acetylcholine-content of the 
uterus. 

4. An abrupt increase in the amount of circulating estrogen is an ade- 
quate stimulus for increasing the acetylcholine-content of the uterus. 

5. Esterification, which delays and prolongs the uterine growth effects 
of estrogens, does not affect the capacity of the estrogen to increase the 
concentration of acetylcholine in the uterus within one hour after injection. 

6. The delayed estrus-inducing effects of estrogen-esters are held to be 
attributable to retarded metabolic effects in the uterus, subsequent in time 
to the initial cholinergic action of the estrogen; delay in absorption is not 
an important factor in this regard. 
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7. ‘Tri-phenyl ethylene is as potent as any of the natural or synthetic 
estrogens used in this study in its cholinergic effect upon the uterus 

8. Stilboestrol, a highly effective estrogenic substance, was without 
significant action upon the acetylcholine-content of the uterus even when 
given in very high dosage. 
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The term placental permeability or placental transmission as employed 
here is a comprehensive one used to include all those factors (size of placen- 
tal capillary beds, rate of capillary blood flow, the permeability of th 
structures separating maternal and fetal blood, ete.) which influence the 
passage of substances from the maternal to the fetal circulation. The 
group of experiments presented below was undertaken to test the pos- 
sibility of using radioactive isotopes, in this instance radioactive sodium, 
to measure placental permeability as defined in this way. In particular, 
the experiments had as their end an investigation of the possibility that 
differences in size of litter-mates are dependent upon differences in the 
rate of passage of substances from the maternal blood to the fetus. Radio- 
active sodium, consequently, was used to measure the permeabilities of the 
placentae of the different members of a litter, and the rate of its transfer 
across the placentae was then related to the mass of the individual litter- 
mate. 

Radioactive sodium (Na*‘) was prepared by bombarding fused NaC] 
targets with deuterons accelerated by the electrostatic pressure generator 


of the Department of Terrestrial Magnetism, the Carnegie Institution 
of Washington. Approximately 40 mgm. of NaCl was used for each 
experiment. The NaCl was bombarded for one micro-ampere hour at 2.5 


million volts and had an initial activity of about 10 micro-Curies. The 
targets were used for an experiment 24 hours after preparation to allow 
time for the disappearance of any contamination of Cl**. 

The NaCl was dissolved in about 2 cc. of warm water and injected into 
the tail vein of a pregnant rat. For control of the effects of anesthesia at 
least one animal was treated in each of the following ways: the animal was 
kept under very light nembutal anesthesia throughout the experimental 
period; or, no anesthesia was used except ether just prior to delivery of the 
fetuses; or, very light ether anesthesia was given at the time of injection 
of the salt and then discontinued until the time of delivery of the fetuses. 
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The experimental results appeared to be independent of these methods of 
anesthesia. 

About 40 seconds sufficed for injection of the radioactive sodium. Nine 
minutes after the injection, in all but one instance, the abdomen was opened 
and the several umbilical cords clamped as nearly simultaneously as 
possible. The umbilical cords were therefore, in the typical experiments, 
clamped in from 10 to 13 minutes after the injection. A sample of heart’s 
blood was then taken from the mother. The time interval between in- 
jecting the salt and stopping the umbilical circulation was chosen after trial 
soas to give a concentration of radioactive material in the fetuses adequate 


TABLE 1 


Weights of individuals of 5 litters and the transmission to them of radivactive sodium 
measured in terms of beta-particles per second 


The estimated intrauterine age of the litter of expt. 3 was 17.5 days; expt. 4, 21.5 
days; expt. 5, 18.5 days; expt. 6, 20.5 days; expt. 7, 17.5 days (2). The umbilical 
circulation was clamped in experiments 4, 5,6 and7in from 10 to 13 minutes after 
injection of radioactive salt; in expt. 3 the umbilical circulation was stopped about 
3 minutes after injection (the precise time was not noted). 


EXPERIMENT 3 EXPERIMENT 4 EXPERIMENT 5 EXPERIMENT6§ EXPERIMENT 7 


SAMPLE 
B/sec. 


| weight| Weight) B/ser. | Weight B/See- Weight B/sec 


Weight total total total total 


grams grams grams grams 
Blood 0.47 | 1715 2 | 212 3.0- 1114 36 |1535 | 1.99 
Fetus | 0.65 40. § 85.9 | 1 50.0 39 | 153 | 0.62 
Fetus 2 0.66 B | 4 73.8 | 1 68.5 .51 | 101 | 0.64 
Fetus 3 0.70 §3.! 1 64.0 16 | 151 69 
4 0.71 A : 71 l 59.0 23 | 172 71 

5 1 

] 

] 


Fetus 


bh 


Fetus ! 0.81 AS 85 64.0 16 «181 73 
Fetus 6 0.83 57.0 52 | 118 73 
Fetus 7 0.83 79.0 | 3.54 | 116 73 
Fetus 8 0.87 53.1 ves 
Fetus § 77 
Fetus 79 


~ 


w 


Qo t 


for measurement; and yet far enough from equilibrium to make differenc 
in rate of passage across the several placentae apparent. 

Fetuses in the last 4 days of pregnancy were taken for this set of experi- 
ments. Their age was estimated from the average litter-weight and crown- 
rump length by reference to the tables of Stotsenburg, quoted by Donaldson 
(2). 

The fetuses and blood samples were ashed with heat and concentrated 
sulphuric acid. The activities of the ashed remains, spread in a thin layer, 
were measured with a pressure ionization chamber connected to a string 
electrometer. This instrument, although less sensitive than a counter, 
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is convenient for measuring activities which vary greatly in intensity 
With reasonable care, the measurements were reproducible to within 5 
per cent. 

The experimental results are presented in table 1. Here the fetuses 
are listed in order of increasing weight and their total content of radio- 
active sodium is given in terms of beta particles per second. his last 
quantity must be converted into activity (content of radioactive substance ) 
per unit weight of fetus and the activity per unit weight related to the 
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Wt. of Fetus + Average Wt. of Litter 
Fig. 1. Seatter diagram in which the ratio of the activity (beta particles per sec- 
ond) per gram of fetus to the average activity per gram of the litter is plotted against 
the ratio of the weight of the fetus to the average litter weight. The points have a 
correlation ratio of —0.51. 


total weight of the fetus in order to analyze the problem under investiga- 
tion. For if differences in fetal mass are dependent upon differences in 
placental permeability, the activity per unit weight of the large fetus must 
exceed that of the small. 

To reduce the results of the different experiments to a comparable scale, 
the weights of individual fetuses have been related to the average weight 
of the litter and plotted against their content of beta-particles per gram 
as related to the average content per gram of the litter. These results are 
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presented in the scatter diagram (fig. 1). The points show a correlation 
ratio of —0.51, 1.e., there is a marked association between fetal weight and 
activity per gram of fetus but the association is negative so that variation 
in one series is accompanied by variation in the other but in the opposite 
direction. The probability of obtaining this correlation ratio by chance 
alone is less than 1 in 1000. 

The high inverse correlation between total fetal mass and content of 
radioactive sodium per unit weight of fetus is simply an expression of the 
relative equality of placental transmission in the case of the large and small 
fetuses. To obtain a comparison between the total amount of sodium 
transferred to the larger and smaller fetuses, the average for all individuals 
heavier than the average of the litter has been compared to the average for 
all individuals lighter than the litter average. The larger fetuses show an 
average content of radioactive sodium 3 per cent greater than the smaller; 
a difference which lies within the experimental error and attests the 
equality of placental transmission in the two groups. 

These results on placental permeability contradict in no way the con- 
clusions implicit in the studies on the relation of the placenta to the 
weight of the fetus approached by comparing the weight of the placenta 
(1, 3) or the area of the chorionic villi (4) to the weight of the fetus. These 
last studies have been made upon man and the guinea pig and show, for 
example, a high correlation between total fetal and placental weights. But, 
as pointed out by Ibsen (3), there are a priori reasons to believe that the 
rat and guinea pig should differ in this respect at the end of their gestation 
periods; and that the fetal rat in the last days of pregnancy should re- 
semble the guinea pig before the 50 day stage, when there is no correlation 
between fetal and placental masses. 

The high inverse correlation found between total fetal mass and activity 
per unit weight of fetus during the last 4 days of gestation leads to the 
conclusion that, so far as can be judged from this period, fetal weight in the 
rat is determined by genetic forces. It also brings evidence again of the 


reserve in the placenta (1) with respect to the provisions made for the pas- 


sage of substances from the maternal to the fetal circulation. 

There is good reason to believe that in the concentrations used her 
radioactive substances behave like their more common isotopes. This, 
together with the direct approach which it provides to physiological 
problems hitherto studied by highly indirect methods, makes the use of 
radioactive isotopes of unique value in the study of many phases of placen- 
tal permeability. The method, in addition, is the more valuable because 
of the ease and exactness of quantitative determinations. 


SUMMARY 


Placental permeability in the rat has been measured with radioactive 
sodium. During the last four days of pregnancy there is a high inverse 
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correlation between fetal mass and the placental transmission of radio 
active sodium per unit weight of fetus, i.e., fetal weight in the rat appear: 
to be determined by genetic forces alone. The total amount of radio 
active sodium transmitted to a fetus, under the conditions of the experi- 
ment, is independent of fetal size. 
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The phenomenon of glomerular intermittence, described by Richards 
and Schmidt (1924) in the frog kidney, has been rather generally accepted 
as a physiological manifestation and an important means of regulating 
urine flow. Evidence for its occurrence in the mammalian kidney has 
been advanced by Khanolkar (1922) and by Hayman and Starr (1925), 
working with the rabbit. These workers injected hemoglobin or dye into 
the blood stream; the kidneys were subsequently examined to determine 
what fraction of the capsules or glomeruli contained the injected material. 
The percentage of patent glomeruli so judged varied in different experi- 
ments from 11 to 100. The present paper reports findings on 17 kidneys 
of 11 normal dogs and 13 kidneys of 7 normal rabbits which are interpreted 
as evidence that all the glomeruli are normally open all the time; a pre- 
liminary report has been made (1939). Three of the dogs and 4 of the 
rabbits were deprived of food and water for 24 hours preceding the 
experiment. 

Metuops. Dogs were anesthetized with 32 mgm. nembutal per kilo, 
intravenously. The renal arteries were exposed by flank incision in 8 dogs, 
by midline laparotomy in 3. In all cases 0.4 to 1.5 ec. of filtered Higgins 
Eternal Black ink was injected into a renal artery through a no. 27 needle, 


the duration of the injection being 5 seconds; the renal vessels were clamped 


5 seconds after the end of the injection and the kidney quickly removed, 
the vessels being cut distal to the clamp. The needle was directed some- 
times with and sometimes against the stream. Three to 6 blocks from 
different parts of the kidney were put into 10 per cent formalin over night 
and frozen sections 100 micra thick cut. From 6 to 12 sections of each 
block were counterstained with eosin and permanently mounted. The 
first 4 rabbits were anesthetized with 50 mgm. nembutal per kilo intra- 
peritoneally, with a little ether for the incision; the last 3 were anesthetized 
with an intraperitoneal injection of 5 ce. per kilo of a 10 per cent urethane 


1 This work was aided by a grant from the Commonwealth Fund. 
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and 8 per cent chloral hydrate solution. With the first 2 rabbits the aorta 
was clamped just below the renal arteries and 0.8 ec. ink in the first case, 
1.5 ec. in the second, was injected into the aorta against the stream 
shortly above the renal arteries. The injection occupied 5 seconds, the 
aorta was clamped just above the renal arteries 5 seconds after the injection 
and the renal pedicles clamped and the kidneys removed immediately 
thereafter. With the last 5 rabbits 0.2 to 0.5 ee. ink was injected directly 
into the renal artery in 5 seconds through a no. 27 needle, the vessels 
clamped 5 seconds later and the kidney removed. The rabbit blocks 
were in all cases complete cross sections of the kidney. 

With the eosin the ink-free as well as the ink-containing glomeruli ar 
easily seen and the proportion of injected to uninjected readily determined 
in a large sample; even more important is the ready visualization of the 
details of their distribution. Approximately from 15,000 to 30,000 glo- 
meruli were inspected with each kidney. 

Resutts. Dogs. The injected kidneys fall into 2 groups; in the first 
group every glomerulus (or more than 99 per cent) was injected; in the 
second the distribution of injected and uninjected indicated that failure 
of injection was due to the manner of distribution of ink in the larger pre- 
glomerular vessels rather than to closure of the glomeruli themselves or of 
their afferent arterioles. Of the 17 dog kidneys examined, the injection 
was into the main renal artery in 14 cases; 2 of these were completely 
injected. In 3 eases the injection was into 1 of the 2 branches of the renal 
artery Just outside the kidney. In 2 of these all the glomeruli of one half 
were injected, none of the other; in the 3rd case the injected side showed a 
few radial uninjected wedges. In 1 case the boundary was sharp, in the 
other 2 there was a zone 3 or 4 mm. wide within which the proportion ot 
injected increased on passing from the uninjected to the injected side. 

Of the remaining 12 dog kidneys, in all of which the injection was into 
the main renal artery, 4 showed one half completely injected and the othe: 
half completely uninjected. These 4 kidneys resembled the first 2 of the 
3 cases where the injection was into one branch of the artery; in 2 of these 
4 the boundary was quite sharp, in the other 2 there was a boundary zone a 
few millimeters wide. The picture in these 4 cases must be interpreted as 
meaning that all of the ink by chance entered 1 of the 2 primary branches 
of the artery; the only alternatives are that all the glomeruli in one half 
of the kidney are closed while all those in the other are open, or that a 
primary branch of the renal artery is showing intermittence. It is thus 
seen that in 8 of the 9 kidneys so far considered the findings can be ex- 
plained only on the basis that all of the glomeruli are open; no further 
description is required beyond the statement that all the glomeruli were 
injected. In the remaining 8 dog kidneys there were various degrees of 
transition between the hemi-injection of the above 4 cases and a complete 
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injection. A detailed study of the distribution of injected versus unin- 
jected glomeruli in these kidneys indicates that where incompleteness of 
injection has occurred it is due to a distribution of ink in the larger pre- 
glomerular vessels which is determined by the characteristics of stream 
line flow rather than by any intermittence; if the picture is to be ascribed 
to intermittence, this must be assigned to relatively large arteries, down 
to interlobular arteries. 


The 9 cases where there was neither complete injection nor hemi-injection 


deserve further consideration. In all of these except dog 11, right, the 
injection was into the main renal artery. <A brief description of each 
is given. 


Dog 2, left. Of 5 blocks, all but 1 showed all glomeruli injected. Slides of this 
block showed a wedge or strip about 2 mm. wide, extending from medulla through 
cortex, in which all were injected; this presumably corresponds to 2 to 3 adjacent 
interlobular arteries. Remainder of block was completely uninjected except for a 
very few scattered scantily injected glomeruli. Peritubular vessels as well as glo- 
meruli are injected in injected regions but where glomeruli are not injected, neither 
are peritubular vessels. Since some of these vessels are preglomerular interlobular 
arteries, this indicates that failure of ink to enter glomeruli is due to failure to enter 
preglomerular vessels rather than to closure of glomeruli. The above statement as 
to correlation of injection of glomeruli and of vessels other than glomeruli applies 
to all the kidneys observed, except, as in dog 6, right, where the ink supply was very 
scanty, in which case glomeruli may be scantily injected without any ink being seen 
in vessels other than glomeruli. 

Dog 4, right. All slides show a division into 1 injected and 1 uninjected region 
The boundary is fairly sharp but there is some overlapping, i.e., a zone within which 
some are injected and some not. Inspection of a single field in this zone gives a 
picture compatible with the idea of intermittence but the whole picture shows a 
progressive increase in proportion of injected on passing from the uninjected into the 
injected side; this statement applies to all such boundary zones in all kidneys ob- 
served. 

Dog 6, right. Of 4 blocks, 2 showed no glomeruli even partially injected. One 
block showed about half the glomeruli scantily injected; these are confined to a re- 
gion in the middle of the slides with uninjected regions on each side; practically all 
glomeruli in the injected region are injected. Vessels other than glomeruli show no 
ink. The fourth block shows a few scattered glomeruli (about 1 in 10) very scantily 
injected and distributed at random throughout the slides. The picture of this block 
alone could well be interpreted as that of true glomerular intermittence but it is 
believed that the composite findings on this kidney are best explained by an inade- 
quate ink supply. A note made at the time of the injection says, ‘‘Injection ques- 
tionable, needle may have gone through artery.’’ The above explanation is sup- 
ported by the finding that all the glomeruli in the injected half of the companion 
kidney, with a separate injection into 1 of the primary branches of its renal artery, 
were injected; since all the glomeruli of the companion kidney were open it seems 
improbable that there could be intermittence in the other kidney extensive enough to 
account for the observed incompleteness of injection. 

Dog 8, left. Scattered through the 4 blocks are radial wedges 3 to 7 mm. wide in 
which all the glomeruli are injected. Intervening areas are uninjected, with some 
overlapping at boundary zones. The interpretation offered is that certain groups of 
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interlobular arteries were entered by the ink, while others were passed by. Th 
companion kidney was hemi-injected; with the injection into the main renal artery 
all were injected on one side, none on the other. 

Dog 9, right. In gross seen to be injected except for small patch near one pole 
All glomeruli injected in 4 of the 5 blocks. The fifth takes in the uninjected region, 
a wedge about 6 mm. wide between completely injected areas, the wedge presumabl\ 
corresponding to a group of neighboring interlobular arteries which escaped the ink 
The companion kidney, injected through its main renal artery, showed an all-or 
none hemi-injection. 

Dog 10, right. All glomeruli injected except for several areas 2 to 4 mm. wide 
within which most glomeruli are uninjected. 

Dog 10, left. One block shows all glomeruli injected, others show radial strips 2 
to 3 mm. wide of uninjected interspersed through the otherwise injected sections 
The distribution of uninjected among the injected is such as to indicate failure of ink 
to enter preglomerular vessels rather than glomerular intermittence, i.e., it does not 
seem probable that a group of 20 to 100 glomeruli in a given region supplied by 
neighboring interlobular arteries would all be closed at the same time. This dog was 
without food or water for 24 hours preceding the experiment. 

Dog 11, right. Injection into a primary branch of renal artery. More overlap 
ping than in other 2 cases of this type of injection. Several uninjected patches on the 
injected side but as patches, not as isolated glomeruli. Scattered injected glomeruli 
on uninjected side, which means that a little of the ink entered this branch. 

Dog 11, left. In one block there is a radial wedge of uninjected about 10 mm. wide 
In all other blocks all of cortex and most of medullary glomeruli are injected, but 
there are areas of uninjected along the medullo-cortical boundary, interspersed 
through the otherwise injected field. These are not isolated uninjected glomeruli 
but groups of 10 to 20. This picture has been seen in several other kidneys, more 
often on rabbit than on dog. A possible explanation is that some glomeruli lying 
deepest in the kidney may be supplied by branches from the concave or pelvic side 
of the arcuate arteries; the probability that ink might fail to enter such branches 
should be greater than in the case of branches directed toward the cortex, particu- 

‘larly where ink supply isscanty. Dog 11 received no food or water for 24 hours prior 
to the experiment. 


Rabbits. With rabbits 1 and 2 the injection was into the aorta. Only 
the right kidney was examined on rabbit 1; all its glomeruli were injected. 
The left kidney could not be examined here because its artery had been 
torn in an unsuccessful attempt at injection. Rabbit 2 had been without 
food or water for 24 hours; its left kidney showed all glomeruli injected. 
Its right kidney showed numerous uninjected radial strips, apparently 
corresponding to one or more interlobular arteries, interposed between 
larger injected areas. The injected areas are practically completely 
injected except along their medullary edges, where there is in most places 
a border of uninjected. The belief that the picture is due to mechanical 
factors determining distribution of ink rather than to differences in state 
of glomeruli is supported by this finding, that the medullary edge even of 
otherwise completely injected areas is often uninjected. It seems improb- 
able that all of these glomeruli should happen to be closed. This less 
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kidney. It is further true that within relatively small fields, usually in 
boundary zones between injected and uninjected regions, a haphazard 
arrangement of injected and uninjected glomeruli is sometimes seen which 
is quite compatible with the view of intermittence. Reasons have been 
given for the belief that this picture does not mean intermittence; many 
detailed observations supporting this belief have been omitted. One such 
circumstance may be mentioned; in the earlier experiments it was noted 
on two occasions, at the time of the experiment, that there may have been 
undue displacement of the renal vessels on inserting the needle into the 
artery. In both of these cases the kidney was incompletely injected, 
where the incompleteness may well have been due to a partial compression 
or bending of the renal vein. 

It is believed that this method cannot give reliable information as to the 
state of the individual loops in a glomerulus. We have followed Hayman 
and Starr in considering as injected all glomeruli showing an unquestionable 
deposit of the injected material. Sometimes a completely injected kidney 
means that every glomerulus was completely or almost completely injected ; 
sometimes that some glomeruli were completely and others incompletely 
injected; sometimes that only a few or none were completely injected but 
that all contained some ink. Ina kidney where every glomerulus contains 
some ink but only a few are completely injected it is believed that the 
explanation is a scanty supply of ink rather than a closure of some of the 
loops in most glomeruli. When glomerular injection is so scanty the ves- 
sels other than glomeruli are also scantily injected or may have no visible 
ink. There is a fair correlation between filling of glomeruli and amount 
of ink used per kilo of animal; with a small amount one may see every 
glomerulus containing some ink but none filled, with a larger amount all 
containing ink and many completely filled. Exceptions are believed to 
be explicable by failure of some of the ink used to enter the artery or by 
torsion on the renal vein. 

It is not intended to imply in this paper that under no conditions does 
glomerular intermittence occur. No one questions its occurrence in the 
frog partially dehydrated or subjected to even relatively slight hemorrhage. 
The question is whether the degree of dehydration necessary to bring out 
the phenomenon is within the normal range of experience of the frog; since 
the frog is well known to be normally subject to much greater fluctuations 
in body water content than is the mammal it may well be that in the former 
the phenomenon is a physiological occurrence adapted to the conservation 
of water. In most mammals, however, it seems very doubtful that the 
degree of dehydration encountered under any reasonably physiological 
conditions would suffice to bring on intermittence. One might expect 
it to be of more likely occurrence in the rabbit than in the dog, since the 
rate of glomerular filtration in the former is much more variable. We 
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find, however, that after a 24 hour deprivation of food and water every 
glomerulus is as likely to be injected as without such deprivation. Thy 
possibility is not excluded that in the mammal severe hemorrhage o 
sudden increments in circulating epinephrin may bring on intermittence; 
we have not to date investigated these points. 


SUMMARY 


Observations on glomerular perfusion have been made on 17 kidneys o 
11 dogs and on 13 kidneys of 7 rabbits following injection of a carbo: 
suspension into the renal artery. Some of the animals had been deprived 
of food and water for 24 hours preceding the experiment. It was found 


either a, that all glomeruli were injected, or b, that the distribution oj 
injected and uninjected was such as to favor the interpretation that failur 
of injection was due to the manner of distribution of ink in the large: 
preglomerular vessels rather than to closure of the glomeruli or of thei 
afferent arterioles. 

It is concluded that under conditions normally encountered the mam- 
malian kidney shows all of its glomeruli open all of the time; the possibility 
that extreme conditions, as severe hemorrhage or sudden increments ot! 
circulating epinephrin, may bring on intermittence in the mammal is not 
excluded. 
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It is commonly accepted as proved that the pituitary of gonadectomized 
rats, either male or female, secretes an excess of gonadotropic substance, 
chiefly follicle-stimulating hormone (FSH) which in the male stimulates 
only the germinal epithelium of the testis (gametokinetic), in contradis- 
tinction to the luteinizing hormone (LH) which in the male stimulates the 
interstitial cells to secrete androgen, which in turn stimulates to growth the 


seminal vesicles and prostate. 

Assuming these to be facts, the present experiments were begun in order 
to study in adult parabiotic rats the effect of the pituitary secretion of 
castrate rats upon the gonads of the partner, and it was with surprise that 
it was invariably observed that a gonadectomized rat, either male or 
female, caused no significant increase in the weight of the testes in its nor- 
mal partner, although it caused a very large increase in the size of the pros- 
tate and seminal vesicles. The effect on the latter is well known, but the 
absence of effect on the testes has not been generally recognized. It is 
the purpose of this paper to offer an interpretation of the significance of 
this finding. 

The reasons that have been given for ascribing a stimulating effect of 
FSH on the germinal epithelium of the testis have been based on studies on 
hypophysectomized rats or immature rats. FSH of castrate urine or fol- 
licle-stimulating pituitary extracts injected into hypophysectomized rats 
results in maintenance of the size of the testes, preventing the atrophy 
which otherwise would occur (Smith, Engle, and Tyndale, 1933; Evans, 
Pencharez, and Simpson, 1934). Similarly, FSH injected into immature 
rats causes testicular descent and proliferation of germinal epithelium 
(Greep, Fevold, Hisaw, 1936; Rubinstein and Radman, 1938). Similarly, 
if a hypophysectomized rat is united with a castrated rat in parabiosis, 
the testes of the hypophysectomized rat are maintained in size instead of 
undergoing atrophy, because the castrated rat’s pituitary hypersecretes 
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gonadotropic hormone. But these results can be explained in a different 

manner than by asserting that FSH stimulates germinal epithelium. [i 
has been shown that the position of the testes in the scrotum is the im- 
portant factor in maintaining germinal epithelium. Furthermore, Cutuly 
and Cutuly (1937) and Cutuly, McCullough and Cutuly (1937) hav: 
shown that the androgen secreted by the interstitial cells maintains thi 
position of the testes in the scrotum. Consequently, according to thei: 
theory, if the effect of hypophysectomy is the elimination of the pituitary 
hormone which affects the interstitial cells, then the testes would no longe: 
remain in the scrotum, which is the case, and due to changes of tempera- 
ture and environment, germinal epithelium would subsequently degen- 
erate. If one grants as a tentative hypothesis that FSH stimulates the 
interstitial cells, not the germinal epithelium, then when it is injected into 
hypophysectomized rats, the interstitial cells would be stimulated to 
secrete androgen, and then the maintenance of germinal epithelium is 
the result of the effect of the androgen in determining the scrotal position 
of the testes. The present experiments support this hypothesis. Fur- 
thermore, as it was done on adult rats with intact hypophyses, the scrotal 
position of the testes was constant, thus avoiding the complicating factors 
which are present when testes are intraibdominal. Adult but young 
growing rats were used, so that a period was studied before the testes had 
reached the normal maximum weight. 

Mertuops. Adult white rats of a colony maintained in this laboratory 
for 5 years were joined in parabiosis by anastomosing the peritoneal cavities 
by suturing together lateral abdominal muscles and skin. Fourteen rats 
were gonadectomized—10 males, 4 females. For convenience these were 
designated “donors,”’ as it is known that the castrated rat’s pituitary 
hypersecretes gonadotropic hormone which passes over to the intact 
partner, designated for convenience the “recipient.’’ Anti-hormone effects 
or resistance is absent in such parabiotic rats (DuShane, Levine, Pfeiffer 
and Witschi, 1935). Controls consisted of an equal number of intact 
single males that were litter mates of the previously described recipients, 
or normal litter mates of the recipients joined in parabiosis with normal 
litter mates of the donors. Donors were of the same age as recipients 
or of only a few days’ difference in age. All rats were given the same 
diet. In order to prove that the operative technique of parabiosis was 
adequate, several experiments were made joining a normal female with 
an ovariectomized female or castrated male and the well known follicle- 
stimulating effect on the normal ovarics was demonstrated. 

After suitable time intervals, indicated in the table, the rats were killed, 
and the organs of the recipients were weighed and studied by histologic 
sections. Kidney weights were taken as an index of visceral growth, 
and gonad weights were calculated in relation to kidney weights, so as to 
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compare more accurately rats of slightly different size within the same 
litters. 

The epididymis and vas deferens were removed and only the testes 
proper weighed. The bladder was emptied but removed intact with the 
prostate and unopened seminal vesicles. The weights given in the table 
under “accessories”? therefore include empty bladder and secretory con- 
tents of seminal vesicles, in order to avoid variabilities in the dissection 
which would otherwise have been necessary. The urethra was transected 
immediately below the prostate and excluded. Adrenal weights were 
also recorded. 

In comparing the weights of gonads of rats that were united with cas- 
trated recipients and the gonads of the controls, a factor of hypertrophy 
was calculated, as the ratio of the weights of the former over the weights 
of the latter. 

Resutts. The table and figure give the relevant data of age of animal, 
condition and duration of experiments, weights, ete. Rats of similar 
alphabetical designation indicate litter mates, thus 13-S-6 is a litter mate 
of 13-S-3. The slight increase in weight of testes can be accounted for 
by an increase in interstitial cells, which was obvious in the histological 
sections, and is not sufficiently great an increase to suggest any increase 
in amount of germinal epithelium. It is apparent that a very great in- 
crease in the weight of prostate and seminal vesicles occurred. The 
adrenal weights showed no significant change. 

Discussion. There is abundant evidence that the adrenal cortex is, 
in some way that is not understood, related to androgenic activity, as 
indicated by: 1, the association of certain adrenal cortical tumors with 
virilism; 2, the reported gonadotropic effects of cortical extracts, and 3, 
the simultaneous weight changes of adrenals and gonads in male rats 
after thyroidectomy (Zeckwer, 1938a). In view of this, the absence 
of hypertrophy of the adrenals in the parabiotic rats is of interest. Fur- 
thermore, when the recipient rat was adrenalectomized, the same gonado- 
tropic effect was seen in it as when the adrenals were intact. That the 
adrenals of the donor do not enter into the effect is suggested by the fact 
that when a normal rat was joined to an adrenalectomized rat, as soon as 
sodium chloride was withdrawn the adrenalectomized rat died, not being 
maintained by the adrenals of the other rat. Thus there was no evidence 
that cortical secretion passed from one rat to the other. Apparently 
the adrenal cortex plays no réle in the effect of pituitary secretion on the 
gonads. Conversely, in previous work it was shown that adrenal hyper- 
trophy can occur in rats without changes in the gonads (Zeckwer, 1938b). 
This dissociation between growth of gonads and growth of adrenals lends 
weight to the view previously expressed that the pituitary cell which 
produces adrenocorticotropic hormone is probably different from the 
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pituitary cell which produces gonadotropic hormone (Zeckwer, 1938b). 
If the same basophile cell produced both hormones, such dissociation 
would be difficult to account for. 

The resulis of gonad weights indicate that the castrate pituitary secretes 
a substance which does not have a direct gametokinetic effect, but affects 
solely the interstitial cells, which in turn secrete an excess of androgen, 
as indicated by the marked enlargement of prostate and seminal vesicles. 


ACCESSORIES TESTES | ADRENALS 
KIDNEYS KIDNEYS | KIDNEYS X10 


GONADEG CONTROL |GONADEC CONTROL|GONADEC- CONTROL 
TOMIZED TOMIZED TOMIZED 


— 


FACTOR 


OF 
1.05 


TROPHY 


if the results had shown stimulation of tubular epithelium, then no con- 
clusions could have been drawn without using hypophysectomized rats. 
But if, even in the presence of the rat’s own pituitary, stimulation of 
seminiferous tubules does not occur, then the results are significant and 
suggest rejection of the usual concept that FSH stimulates seminiferous 
tubular epithelium in the male rat. These findings are likewise in op- 
position to the views of Nelson (1937) that androgens may directly stimu- 
late germinal epithelium. 


ISOLDE T. ZECKWER 


SUMMARY AND CONCLUSIONS 


When gonadectomized rats, male or female, are united in parabiosi 
with normal males, the latter show no significant enlargement of thi 
testes, but a marked enlargement of prostate and seminal vesicles. 

These facts can be explained by postulating that the castrate rat’s 
pituitary, which secretes a hormone which stimulates follicles in the femal 


(FSH), in the male acts, not upon the germinal epithelium, as is commonly 


regarded as proven, but solely upon the interstitial cells. 
The adrenals play no réle in the effect of the secretion by the castrated 
rat’s pituitary upon the male gonads. 
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In a previous Communication the writer (2) described a stable capillary 


glass electrode for the determination of the hydrogen-ion concentration 
of living tissue. This electrode, which is provided with a glass shield at 
the base of the capillary, eliminates completely the “deviation film,” and 
is particularly well adapted for pH measurements of small areas inside of 
a cavity, such as that of the digestive tract. Furthermore, the system of 
amplification necessary is fairly simple and hence inexpensive, and no 
elaborate shielding is required. 

The above type of capillary electrode was used in a series of pH deter- 
minations of different parts of the digestive tract of the albino rat. The 
method of using the electrode has already been deseribed (2). Calibra- 
tions were made both before and after readings in order to compensate 
for the gradual change in electrode readings (about 1 mv. a day), due to 
alterations in the composition of the glass. Only those electrodes were 
used which gave linear calibration curves of 40 to 50 my. for 1 pH unit, 
and showed sufficient sensitivity to permit determination of differences 
of about 0.0025 pH unit. Although the determination of pH differences 
of this degree is probably meaningless for biological systems, a sensitivity 
of this order facilitates making readings to 0.05 pH with a considerable 
degree of accuracy. 

The albino rats used were mature animals of Wistar Stock and had been 
kept on the Steenbock diet. The pH determinations were made on ani- 
mals which were under light nembutal anesthesia. In view of the findings 
of Voegtlin, Kahler and Fitch (9) that such treatment decreased the pH 
of rat muscle no more than 0.02 pH, it was felt that changes in the pH 
in the lumen of the digestive tract during the brief interval of the experiments 
could be ignored. The digestive tract of the anesthetized animal was 
opened and readings taken at four different points, the incision being made 
just before the insertion of the eleetrode. In making the incision, care 
was taken that only a minimal amount of bleeding occurred. The con- 


t Aided by a grant from the Board of Research, University of California 
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tents of the digestive tract were removed from the region tested and ¢} 
electrode laid carefully along the wall. All readings, including the calibra 
tion of the electrodes, were made at 373°C. 

The circuit was completed by a calomel half-cell and a KCl agar bridg: 
which dipped into a pool of modified Ringer solution? in the body cavity 
of the rat. In this way skin potentials were climinated for, as Voegtli: 
Kahler and Fitch (10) have shown, the contact potential in such a syste: 
is so small that it may be neglected. 


TABLE 1 


pH of intestine of living rat by capillary glass electrode 


HOURS 
RAT FED 
PREVIOUSLY 


DUODE 
NUM 
WALL 


ILEUM 
WALL 


WALL 


CECUM 
WALL 


COLON 
WALL 


HOURS RAT FED 
PREVIOUSLY 


24 6.38 54 6.48 | 7.36 | 7.32 | 7.48 
24 6.98 7.45 56 | 7.408 | | 7:21 
24 6.42 7.38 3-4 6.48 | 7.00 | 6.70 | 7.00 
24 7.55 | 7.50 7-8 6.39 

30 5.91 | 8.07 | 7.60 | 6.53 7-8 7.20 | 7.86 | 8.38 | 7.68 
24 7.50 | 7.80 | 7:74 | 7.21 3-4 §.98 | 7.33 | 7.31 | 7.05 
30 6.88 | 7.80 | 7.52 | 7.83 7-8 ee gel ee eee 
18 5.53 | 6.73 | 6.92 | 6.37 2-3 6.57 | 7.20) 7.82 | 7.38 
54 6.64 | 7.72 ¢.12 7-8 6.68 | 7.15 | 7.66 | 7.11 
24 6.76 | 6.98 | 7.22 2-3 6.18 6.86 | 6.55 6.78 
30 6.0 7.0 7.42 5-6 6.74 | 7.28 | 6.54 | 7.51 
24 6.01 | 7.82 | 7.39 | 7.52 7-8 6.88 | 7.50 | 7.50 | 6.43 
30 5.92 | 7.85 | 8.18 | 7.68 2-3 6.36 | 7.21 | 7.02 | 7.16 
48 6:78 | 7.21. 7.55 | 7.97 5-6 6.78 6.64 6.97. 6.80 
24 6.64 7.63 | 6.33. 6.78 
28 7.30 | 7.29! 7.05 | 7 62 Average 6.48 | 7.32 | 7.28 | 7.15 
24 6.66 | 6.72 | 7.08 6.03 |) Ball (1935). 6.34 6.89 | 7.06 | 6.91 
24 6.04 | 6.88 | 6.63 | 6.58 || Kofoid, McNeil 

27 5.63 | 6.83 | 7.42 | 6.48 and Cailleau 6.93 | 6.98 | 7.34 | 6.95 
3-4 6.28 | 6.95 | 6.95 | 6.50 | Kofoid, MeNeil 

5-6 6.58 | 7.64 7.62 | 6.68 and Bonestell..| 6.46 6.73 | 6.82 , 6.51 


The regions tested were duodenum, 2 inches below the stomach; ileum, 
2 inches above the cecum; cecum, and colon, 2 inches below the cecum. 
These areas corresponded to those tested previously by Bail (1) and were 
close to those determined by Kofoid, MeNeil and Bonestell, (5) who used 
a bulb electrode on etherized animals. 


The capillary clectrode came to 
equilibrium almost at once, and no readings were taken unless the galva- 
nometer was stationary. 


The findings are listed in table 1. For comparison, there are listed also 


* The modified Ringer, as given by Voegtlin, Kahler and Fitch (10), is NaCl 0.6 
gram; KCI 0.0075 gram; CaCl, (dry) 0.01 gram per 100 ce. 
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the averages of the readings obtained by the writer in 1935 (1) with a 
smaller number of animals and a less satisfactory type of glass electrode, 
the averages of Kofoid, MeNeil and Bonestell (5) who used a bulb type 
electrode on etherized animals, and those of Kofoid, MeNeil and Cail- 
leau (4) with the quinhydrone electrode. With the capillary electrode, 
it is believed that the conditions of the experiment approximate those in 
the living intact animal more closely than have those of previous deter- 
minations, since there is very much less disturbance of normal function. 

No correlation was noted between the pH of any level tested of the 
intestinal wall and the time of feeding—from 2 to 54 hours previously. 
Nor was there any correlation between the pH readings of any two portions 
of the digestive tract. 

Although a number of workers have tested the pH of the contents of the 
different regions of the digestive tract of the albino rat, there have been 
comparatively few determinations of the hydrogen-ion concentration of 
the wall. Naturally, little could be done until the perfection of the glass 
electrode. 


Kofoid, MeNeil and Cailleau (4) made scrapings of the rat’s intestinal 
wall, as well as dilutions of the contents, and determined the hydrogen-ion 
concentrations of different regions by means of the quinhydrone electrode. 
It would be extremely doubtful if such radical procedure did not produce 


marked alteration in the normal hydrogen-ion concentration of the 
intestinal wall. 

In 1935, Kofoid, McNeil and Bonestell (5) reported on results obtained 
by inserting a bulb type glass electrode through a slit into the digestive 
tract of etherized rats. Since they gave no indication of the removal of 
the digestive tract contents, it may be assumed that both wall and contents 
contributed to their readings. That these may be markedly different 
was shown by Kofoid, McNeil and Cailleau (4) and by Ball (1). 

Kastman and Miller (3) also employed the glass electrode to determine 
the pH of the albino rat intestine, but limited their investigations to the 
digestive tract contents. In their rats the pH of the intestinal contents 
increased from the stomach to the ileocecal valve, decreased in the cecum, 
but increased again in the colon. Their averages were: duodenum pH 6.21; 
ileum pH 7.06; cecum pH 6.68; and colon pH 6.81. 

Robertson (8) made determinatiens by means of a B.D.H. capillator, 
i.e., colorimetrically, of the pH of various levels of the digestive tract of 
young rats. These were freshly killed animals but there is no indication 
if the readings refer to the wall or the contents, or represent a combination 
of the two. The averages for two sets of normal rats were ileum 7.0 and 
7.0; cecum 7.0 and 7.3; colon 7.0 and 7.2. 

Morénas (7), using the quinhydrone electrode, determined the pH 
of scrapings of the intestinal wall of white rats. He states that his 


178 GORDON H. BALL 


readings were madé On material which was a combination of intestins 
contents and superficial mucosa. The averages for adult animals on 
normal diet were: duodenum 7.05; ileum 7.90; cecum 6.85. 

The fact that the duodenal wall gives a rather consistent acid reactio: 
indicates that the alkaline secretion of the pancreas is not sufficient t 
neutralize, for a considerable period of time, the acid secretion from thi 
stomach. This was pointed out long ago by MeClendon (6), but it i 
still not realized by many clinicians. 


SUMMARY 


Using the eapillary glass electrode, it has been possible to determin: 
the pH of various regions of the wall, as distinct from the contents, o! 
the “digestive tract of living albino rats. These readings show that th 
wall of the duodenum is rather consistently acid, that the ileal and cecal 
walls are usually alkaline, while that of the colon approaches neutrality 
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EFFECT OF CHRONIC CARDIAC VENOUS OCCLUSION 
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It has been suggested that ligation of the cardiac venous system en- 
courages the development of collaterals in myocardial areas subsequently 
rendered ischemic (1, 2,3). However, Gregg and Dewald (4, 5) found that 
such a procedure is not immediately beneficial to the heart or to its col- 
laterals. Despite this the possibility still remains that long continued 
cardiac venous occlusion might materially aid the establishment of col- 
lateral circuits. Accordingly, we have studied the effects of chronic car- 
diac venous ligation on coronary dynamics when such ligation precedes 
coronary artery occlusion. 

Metuops. ‘The surgical preparations used were: 1, in a series of twelve 
dogs the coronary sinus or great coronary vein under the left auricle was 
ligated in one stage; 2, in four of these animals approximately thirty days 
after the venous occlusion a major left coronary artery ramus was also 
ligated in one stage. An equal number of animals were used as controls. 

Approximately thirty days after the last operation in each series the 
alterations in cardiac hemodynamics were studied in sacrifice experiments. 
The dogs were anesthetized with morphine and pentobarbital and the 
hearts exposed. Coagulation was prevented by a combination of heparin 
and chlorazol fast pink. Pressures were optically recorded (5, 6) from the 
aorta by a trocar inserted through a carotid artery to the aortic valve, 
from the peripheral end of the left coronary artery (occluded centrally 
during recordings), from the central end of the left coronary (in some 
cases), and from a side branch of the great cardiac vein. Retrograde 
coronary flows were also measured optically by the method previously 
described (7). In some experiments the retrograde flow was collected 
under oil and determinations of oxygen capacity and content made. The 
ability of the myocardium to contract when coronary artery occlusion 
was added to cardiac venous ligation was tested by the myograph (S). 


1 This investigation was aided by grants from the Josiah Macy, Jr. Foundation 
to the Department of Surgery and from the American Medical Association to one 
of us (Gregg). 
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Effect of chronic cardiac venous occlusion on venous pressure tn the cardia 
veins. After chronic occlusion of either the great cardiac vein or coronary 
sinus the pressure in the veins of the heart was slightly higher than norma 
control values but considerably lower than the markedly elevated pressur 
found immediately following acute cardiac venous ligation. Figure | 
and table 1 illustrate typical pressure values. 

Figure 1A is taken from an animal one month after ligation of the coro 
nary sinus. The pressure in the cardiac venous system of 28/10 mm. Hg 
is slightly greater than the value for the normal control (1B) of 14/5 mm 
Hg, but considerably less than the value immediately after acute ligation 
of the sinus (1C) of 54/12 mm. Hg. In like manner the venous pressur 
after remote ligation of the great cardiac vein has been found to lie some- 


TABLE 1 


Effects of chronic cardiac venous ligation 


EXPERI- |cononary | PESIPH- RETRO- 
MENT — VENOUS ERAL GRADE CONDITION 
wumper PRESSURE CORONARY CORONARY 


PRESSURE FLOW 


cc, per min, 
1 77/30 37/10 16/5 0.7 Normal. No venous or arterial 
occlusions 
2a 75/48 23/10 2.1 Control. Chronic great cardia 
vein 
b 118/83 30/15 4.5 Aorta compressed 
c 108/74 70/23 18.0 Coronary sinus also occluded 
3a 99/53 29/10 5.0 Control. Chronic coronary sinus 
b 180/110 100/20 19.6 Intravenous pituitrin 
4a 82/54 32/10 1.3 Control. Chronic coronary sinus 
b 83/55 | 21/12 18/12 Left descendens also clamped 
c 140/50 106/20 Aorta compressed plus epineph- 
rin. Left descendens released 
d 145/58 30/10 50/10 Left descendens also clamped 


where between the normal pressure in the veins of the heart and that 
found shortly after venous ligation. This pressure is capable of still 
further elevation, for as shown in table 1, experiment 4C, elevation of the 
aortic blood pressure raises the venous pressure to extremely high values. 

Effect of chronic cardiac venous occlusion on peripheral coronary arterial 
pressure. When the great cardiac vein or coronary sinus has been chron- 
ically occluded for thirty days or longer, the peripheral coronary arterial 
pressure as measured in the descending ramus of the left coronary artery 
is much lower than that existing immediately after great vein or sinus 
ligation and is generally not increased over normal peripheral pressure 
values. Figure 2 and table 1 illustrate such pressures. 

Figure 1D shows a peripheral coronary pressure in the left descending 
ramus of 20/11 mm. Hg twenty-four days after ligation of the coronary 
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sinus, and figure Il shows a similar pressure of 30°15 mm. Hg thirty days 
after ligation of the great eardiae vein. These values are of the same ordes 
as the 30/7 mm. Hg of the normal control, figure TB. but less than those 
found immediately after venous occlusion (43°12 mm. He, 1C 

If the coronary sinus is acutely ligated after chromic occlusion of the 
great cardiac vein, the peripheral coronary pressure rises, i.e. peripheral 


coronary pressure of 72/24 mm. He (fig. 1) vs. 30°15 mm. He (fig. TE 


P 


Fig. 1. Reeords illustrating the pressure in the veins of the he 
eral coronary pressure under various circumstances. A. Cardiae venous pressure 
one month after acute coronary sinus ligation. Bo Cardiae venous pressure in a 
normal control heart C. Cardine venous pressure Immediately following ute 
coronary sinus ligation. DD). Peripheral coronary pressure in ieft descending ramus 
twenty-four days after acute ligation of coronary sinus. k. Peripheral coronary 
pressure thirty days after acute ligation of the great cardiac vein, FF. Peripheral 
coronary pressure when acute coronary sinus ligation is superimposed on chronic 
great eardiace vein ligation At aortic pressure. central coronary 
pressure. P.C.P. = peripheral coronary pressure venous pressure in thi 


cardiac veins 


From such typical experiments it is evident that the marked elevation 
of the peripheral coronary arterial and cardiac venous pressures which 
appear immediately after venous ligation disappear over a period of time, 
but the latter is still discernible after at least thirty days 


Effect of chronic cardiac venous occlusion on retrograde coronary arterial 
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flow and on myocardial contractions. If long continued cardiac venou 
ligation is of positive benefit to collateral development in the heart, 
should evidence itself in part at least by the appearance of sizeable retro 
grade arterial coronary flows and by maintenance of myocardial contra: 
tions after a coronary artery is ligated. Thus far no such evidence ha 
been found. Immediately after coronary sinus ligation the retrograd 
blood flow in the left coronary artery is greatly increased from norma 
flows of 1.0 to 1.5 ce. per minute to as high as 39.0 cee. per minute of very 
dark blood with an oxygen content even lower than venous blood (5 
The usual backflow after acute occlusion is 10 to 20 ce. per minute, thi 
higher values appearing after sinus ligation and the lower after great cay 
diae vein occlusion. 


NAP AlIO A 


Fig. 2. A. Myogram showing presence of contractions after chronic ligation of the 
coronary sinus. B. Myogram showing failure of contraction when acute coronary 
arterial occlusion is superimposed on chronic coronary sinus occlusion. C. Periph 
eral coronary pressure in the descending ramus of the left coronary artery after sixty 
days of chronic coronary sinus ligation followed by thirty days of chronic occlusion 
of the descending ramus of the left coronary artery. D. Retrograde coronary flow 
under the same conditions as in C. A.P. = aortic pressure. C.C.P. = central 
coronary pressure. MW. = myogram. P.C.P. = peripheral coronary pressure 


After chronic ligation of vein or sinus the retrograde flows are but mildly 
increased over normal, varying from 1.5 to 5.0 ce. per minute, table 1. 
The flows obtained after chronic vein ligation are capable of further aug- 
mentation by acute coronary sinus occlusion, while in either case aortic 
compression, or pituitrin, epinephrine, ete., (table 1) produces a similar 
effect. This blood is always very dark in color and distinetly venous. 
After the coronary sinus has been chronically ligated, the myocardium 
fed by the descending branch of the left coronary artery still contracts 
(fig. 2A). If now, however, the descending ramus of the left coronary ar- 
tery is acutely occluded, within ninety seconds the myocardium fails to 
contract (fig. 2B), as would be expected without chronic sinus occlusion. 
Further evidence that these hearts with chronic venous ligation do not 
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have the benefit of good collaterals is contained in the fact that two of 
them fibrillated when a major ramus of the left coronary artery was oc- 
cluded for a few minutes. 

Such results definitely indicate that such alterations in coronary hemo- 
dynamics as persist after chronic cardiac venous ligation are of no value 
toa heart if now a major coronary artery is abruptly occluded. “The addi- 
tion of chronic artery occlusion, however, is an entirely different matter 

Chronic cardiac venous occlusion and chronic coronary artery occlusion 
When chronic ligation of the coronary sinus or great cardiac vein is fol- 
lowed by chronic coronary artery occlusion, the coronary hemodynamic 
picture is very similar to that following chronic coronary artery ligation 
alone; that is, the peripheral coronary pressure and retrograde flow are 
increased and the myocardium contracts (7). In figures 2C and 2D 
after sixty days of sinus ligation and then thirty days of ligation of the 
descending ramus of the left coronary artery the retrograde flow and pres- 
sure in the descending ramus were recorded. With a peripheral pressure 
of 70/42 mm. Hg and a collateral flow of 42 ce. per minute the myocardium 
was definitely contracting (visual observations and records). This blood 
was arterial, for its oxygen content Was 11.1 volumes per cent as compared 
with the oxygen content and capacity of 11.6 and 13.8 volumes per cent 
of the femoral arterial blood. 

Such results parallel those previously obtained after chronic artery 
occlusion alone, but differ in that all these dogs with combined arterial 
and venous ligation have survived. This is unusual, for with coronary 
artery ligation alone it has been our experience, as well as that of others, 
that the mortality rates are quite high. This suggests the possibility that 
ehronie cardiac venous occlusion enhances the survival of dogs later sub- 
jected to coronary artery occlusion; however, it does not follow that such 
a survival rate results from better collateral development in the heart, 
for no evidence per se has been obtained to substantiate such a view, and 
other explanations can be advanced for the better survival figures 


SUMMARY 


The possible value of chronic cardiac venous occlusion in) promoting 
functional collaterals in the dog’s heart has been studied by optical meth- 
ods. It has been established that: 


1. The very high values for venous pressure in the cardiac veins, periph- 


eral coronary arterial pressure, and retrograde flow which appear in the 
left coronary artery immediately after cardiac venous ligation diminish 
after a time interval (up to 30 days) to values but slightly greater than 
normal. 

2. Such chronic venous ligation does not maintain myocardial contrac 


tions if now a major coronary artery ramus is acutely ligated 
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3. Tf after chrome venous ligation a coronary artery is chronically 


occluded, the coronary dynamies are identical with those following artery 
occlusion alone, that is, the retrograde flow is arterial, the retrograde floy 
and pressures are large, and the myocardial areas contract. 

4. All dogs of a small series have survived combined venous and sub 
sequent coronary artery ligation. 

5. No evidence has been obtained that chronic cardiac venous occlusiot 
ix of positive benefit to the formation of collaterals 
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In a series of studies (Glickman and Gellhorn, 1938; Gellhorn, Ingra- 
ham and Moldavsky, 1938; Ingraham and Gellhorn, 1939; Coffee and 
Gellhorn, 1939; Kraines and Gellhorn, 1939) the similarity of anoxie and 
hypoglycemic effects on the autonomic nervous system was established 
and evidence was presented showing that effects of potentiation rather 


than summation resulted from the interaction of hypoglycemia and 


anoxia. An accurate interpretation of these findings in terms of place ot 
action was not possible since anoxia has two points of attack; first, it 
influences the central nervous system reflexly via the chemoreceptors 
Heymans and Bouckaert, 1934; Selladurai and Wright, 1933; Lambert 
and Gellhorn, 1938 39), and secondly, it acts on the medullary centers 
directly. Moreover, whether hypoglycemia affects the central nervous 
system directly or indirectly through the chemoreceptors as well is not 
known at the present time. 

For this reason the present study was undertaken. “Phe central nervous 
system was subjected to a rise of intracranial pressure which furnished a 
standard stimulus to the medulla oblongata. Its effeet under control 
conditions was compared with that obtained during anoxia and hypo- 
glycemia in normal dogs and in dogs in which the chemoreceptors had been 
eliminated. 

To aid in the interpretation of these results another set of experiments 
was carried out in which an attempt was made to decide whether the et 
fects of increased intracranial pressure are due to the compression of the 
brain substance or to circulatory interference, 

Meruop. About 40 experiments were performed on dogs anesthetized 
with sodium amytal (55 65 mgm. per kgm. intraperitoneally), chloralose 
(70 mgm. per kgm. intravenously), or chloralosane (65 100 mgm. per kgm 
intravenously). When chloralose or chloralosane was used the dog was 
initially anesthetized with ether. 

Blood pressure Was recorded through the carotid artery by means Of a 


mercury manometer in the usual manner. Artificial respiration wae 
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administered throughout each experiment. Intracranial pressure was 


raised and recorded by the method described by Cushing (1901). 

The effects of raised intracranial pressure were studied at various blood 
pressure levels produced by bleeding and continuous adrenalin injection 

Various gas mixtures were prepared by means of calibrated flow meters 
and inhaled from Douglas bags. 

To produce hypoglycemia 4 to 5 units of insulin? (Lilly) per kilo wer 
injected intravenously and the same amount was administered intramuscu 


Fig. 1. The effeets of different heights of intracranial pressures on varying blood 
pressures. At / intracranial pressure is raised up to blood pressure and a marked 
response is seen. At 2 the intracranial pressure is somewhat below blood pressure 
and a small blood pressure response is seen. Between 2 and 3 the blood pressure 
spontaneously fell. But raising intracranial pressure up to blood pressure produced 
as great a response as under 7, despite the fact that a smaller absolute intracranial 
pressure Was used. Between 3 and 4 a solution of adrenalin 1:400000 was continu 
ously injected thereby elevating the blood pressure to the level shown. Intracranial 
pressure raised much above the level of any of the previous intracranial pressures, 
but definitely below the blood pressure level, produced no response at all. Between 
, and 6 the adrenalin solution injection was stopped and blood pressure fell to the 
level shown. At this low level of blood pressure intracranial pressure raised up to 
blood pressure still produced a marked blood pressure rise. At 6 adrenalin 1:400000 


Wis perfused again 


larly. ‘To restore the blood sugar 40 to 50 ce. of 10 per cent glucose were 
injected intravenously. Arterial blood samples for sugar analysis were 
taken one minute before each rise in intracranial pressure. They were 
analyzed by the acid zine sulfate-barium hydroxide precipitation method 
followed by the usual Shaffer-Hartmann determination. 

Resuuts. 1. The effects of intracranial pressure at varying blood pressure 


levels. Beeanuse the blood pressure of the experimental animals varied 
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during the course of the experiments, it Was essential to determine what 
constitutes a constant intracranial pressure stimulus. Figure 1 shows 
clearly that it is the difference between blood pressure and intracranial 
pressure and not the absolute intracranial pressure which determines 
whether or not a given intracranial pressure will be an effective stimulus 
For this reason intracranial pressure was raised to the level of the blood 
pressure in all subsequent experiments in order to affeet a constant strength 
of stimulus. 

2. The nature of the Cushing reaction. Since the effects of a given intra- 
cranial pressure are a funetion of the prevailing blood pressure, it follows 
that the Cushing reaction is probably due to an anemia of the medulla 


TABLE 1 


ffects of anorida, as rh ria, and increased intracranial IEOSSUTC ON 
J 


pressure before and after denervation of the buffer nerves 
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BLOOD 
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~ 
~ 


15 
29 30 
31 35 
1] 60 ; 60 60 
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SNUIS 


* Intracranial pressure raised up to blood pressure 
+ Blood pressure change at end of period of asphyxia. 


The effeets of this anemia should be similar to those produced by asphyxia 
rather than anoxia. By using animals whose buffer nerves have been 
eliminated it is possible to distinguish between asphyxia and anoxia 
While both states produce a rise in blood pressure in the normal animal, 
elimination of the buffer nerves results in a fall in blood pressure upon 
exposing the animal to anoxia; asphyxia still produces a rise in blood pres- 
sure (Lambert and Gellhorn, 1938-39). With these facets in mind experi- 
ments were performed comparing the effects of anoxia, asphyxia, and 
increased intracranial pressure before and after elimination of the buffer 
nerves (table 1). 

The results indicate that intracranial pressure acts like asphyxia and 
not like anoxia, for in the absence of the buffer nerves both intracranial 
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pressure and asphyxia produced elevations in blood pressure, while anoxi 
produced falls in blood pressure. 

Although asphyxia and increased intracranial pressure have the effec 
in common that they produce a rise in blood pressure in the normal and 
“denervated” dog, there are quantitative differences. After removal o| 
the buffer nerves the response to increased intracranial pressure increases 
confirming the reports of Guernsey et al. (1933) and Wright (1938 
whereas the response to asphyxia decreases. We are inclined to explais 
these differences as being due to the fact that increased intracranial pres 
sure confines the asphyxia to the central nervous system, while a gener- 


Fig. 2. The effect of anoxia on the blood pressure response to raised intracranial 


pressure From top dow nwards: reeords of artificial respiration, blood pressure and 
Intracranial pressure 


alized asphyxia acts ina deleterious manner on other parts of the body, 
particularly the heart. 


On the basis of these results it may be concluded first, that increased 
intracranial pressure causes an asphyxia of the brain rather than an 
anoxia, and secondly, that intracranial pressure furnishes a readily con- 
trolled stimulus of an asphyxial character confined to the central nervous 
system, the results of which ean be conveniently measured by the rise in 
blood pressure produced. As was shown above, this stimulus can be 
repeated with approximately equal intensity by using a constant blood 
pressure-intracranial pressure difference for equal periods of time. That 
the blood pressure response to this stimulus is a convenient and effective 
method for comparing the effects of various conditions on the central 


nervous system will be shown in the following experiments. 
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3. The effects of anoxia on the blood pressure response to raised intra 
cranial pressure. Figure 2, showing the record of a typical experiment, 
clearly demonstrates that the blood pressure response to raised intracranial 
pressure is markedly increased during anoxia. ‘This effeet is completely 
reversible. In a few experiments the intracranial pressure was clevated 
up to blood pressure several times during the period of anoxia. In two 
such experiments it was observed that with increasing duration of the 
period of anoxia the blood pressure response increased magnitude 

It was incidentally observed during some experiments that under anoxia 
the blood pressure response frequently oceurred after a shorter latent 
period and was more sustained, 1.e., the blood pressure did not return to 
its normal level upon lowering intracranial pressure as fast during anoxi: 
as it did during inhalation of air. 


glucose 
12:32 


4 


Col 


4° 


Fig. 3. The effeet of hypoglycemia on the blood pressure response to raised intra 
cranial pressure The blood sugar values indicate the concentration of glucose it 
the blood one minute after intracranial pressure was raised, 


The results of the experiments on the effeet of anoxia on the blood 
pressure response to raised intracranial pressure in the absence of the 
buffer nerves are tabulated in table 2.) The fall of blood pressure obtained 
at the beginning of each experiment during inhalation of nitrogen or 7 
to 8S per cent oxygen shows that the preparation has been adequatels 
“denervated.” The effeet of increased intracranial pressure is) similar 
to that observed in the presence of the buffer nerves, 1e., the potentiation 
of the blood pressure response to raised intracranial pressure by anoxia 
persists in the absence of the buffer nerves. However, the potentiation 
is not elicited as readily as it is in the presence of the buffer nerves. I 
the period of anoxia to which the animal is subjected is too long (more than 
three or four minutes) the potentiating action may disappen and even a 
smaller response result. 
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4. The effects of insulin hypoglycemia on the blood pressure response t 
raised intracranial pressure. A series of experiments was carried out o1 
normal dogs and animals in which the peripheral chemoreceptors had been 
eliminated. The uniform results may be illustrated by figure 3 for th 
normal, and by table 3 for the “denervated” animals. — Figure 3 shows that 


with falling blood sugar the blood pressure response to increased intra- 


TABLE 2 


The effect of anortia on the blood pressure response to raised intracranial pressure 


i? 


the absence of the buffe r nerves 


BLOOD 
PRESSURE 


B.P. 
RESPONSE 


REMARKS DURATION 


seconds 


mm. Hq mm. Hg 


11:20 7.4% O-* 10 152 20 6/23/38, dog 10.9 kgm., 70 
60 151 17 mgm. per kgm. chloralosane 
11:30 7.4% O 

112313 60 128 75 

11:33 

11:37 i. P. 60 158 36 

11:48 7.4% O- 

11:44 60 134 52 

11:48 Al 


60 


12:50 N:* 50 123 22 6/30/38, dog 8.6 kgm., 100 
12:54 60 118 59 mgm. per kgm. chloralosane 
12:56 7.5% O 

12:58} 60 108 69 


10:50 8.5% O.* 60 146 12 9/12/38, dog 10.5 kgm., 100 
10:58 ey 60 134 31 mgm. per kgm. chloralosane 
11:08 8.5% Ov 

11:04 60 122 18 

11:05} 


11:09 ee 60 156 35 


* Test stimulus to prove the absence of the buffer nerves. 
+ 1. P.- intracranial pressure elevated up to blood pressure 


cranial pressure inereases progressively as the comparison of the blood 
pressure response at 63 mgm. per cent and 46 mgm. per cent blood sugar 
respectively indieates. Moreover, the figure shows the complete re- 
versibility of this reaction. 

The experiments of table 3, in which the effeet of hypoglycemia is studied 
in “denervated” dogs, are similar to those seen in figure 3. It is interesting 
to note that in two of these experiments (6/8/38 and 6/13/38) the poten- 
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tiated blood pressure responses were obtained under comparatively high 


sjlood sugars. However, in both of these experiments the blood pressures 


TABLE 3 


The effe clos h jpogl ycemria on the blood PreESSUTE TES PONSE 
in the absence of the buffer nerves 
BL. PRE 


REMARKS RESPONSE TO 
PRESSU KE 
RAISED I, | 


Hq mm. Ha 
Control 1 17 6 8/38, dog 6 kgm., 60 mgm 
Insulin 20 units intravenously Na, amytal per kgm 
14 
ce 10°% glucose 
Control 60 


Control 165 > 10 38, dog 11.7 kgm., 
le 


tlosane 


Insulin 10 units: and 34 mgm. ¢l 
134 9] : 

Glucose 15 cc. 10% 

Control 129 63 


Control 16 > 13. 38, 

Insulin 60 units: 3 and mgm amytal 
10 68 kgm 

15 ce. 10% glucose 

Control 16 32 


Control 148 21 14.38, dog 11.4 kgm 
Insulin 80 units: 3 and $f mgm. chloralosane 
Insulin 20 units intravenously kgm 

35 

80 36 
Glucose 30 ce 10% 
Control 19 


Control 26 15 38, dog 8.6 kgm., 
Insulin 60 units: and $t mgm Na, amytal 
2:15 93 35 pb kgm 
3:40 Glucose 20 ce. 10% 
205 Control OS 12 105.0 


* Intracranial pressure raised up to blood pressure for | minute 
t (3 and 3) indicates that $ of the insulin was injected intravenously and the re 
mainder intramuscularly 


of the animals were quite low (practically at shock levels). This may 
indicate that when an insufficient circulation produces a certain degree 
of anoxia in the brain tissue a slight decrease in carbohydrate metabolism 
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produced by a reduction in the blood sugar level greatly increases t} 
anoxidative state in the medullary centers. 

Discussion. The experiments substantiate the anemia theory 
raised intracranial pressure advocated by Hill (1896), Cushing (1901 
kkyster, Burrows and Essick (1909) and Wolff and Blumgart (1929 

They lead to the conclusion that interference with brain circulatio; 
produces an asphyxia of the medullary centers which can be graded con 
veniently by a rise in intracranial pressure. Under artificial respiratio 
and pneumothorax which exclude alteration in blood pressure 
changes in respiration the rise of blood pressure produced by an increas: 
in intracranial pressure depends on the blood pressure-intracranial pres 
sure difference and is approximately the same when this difference is kept 
constant although the blood pressure may vary within wide limits. 

Experiments showed that removal of the buffer nerves does not alte: 
qualitatively the response of the blood pressure to raised intracranial 
pressure although the blood pressure response to anoxia is reversed under 
these circumstances (Lambert and Gellhorn, 1938 39). This indieates 
that the increase in intracranial pressure induces a medullary asphyxia and 
not an anoxia. But in contradistinetion to a general asphyxia induced by 


clamping of the trachea the raised intracranial pressure Causes an asphyxia 


of the brain without interfering with the oxygenation of the other organs 
particularly the heart. Therefore it is never accompanied by a fall of 
blood pressure which may follow the typical rise when general asphyxia 
is employed 

In view of these findings consistent with the anemia (asphyxia) theory 
of raised intracranial pressure the recent attempt by Hartmann (1936 
>to revive the pressure theory appears to be unsuccessful. His observation 
that increased intracranial pressure may not be accompanied by a de- 
creased venous outflow is due to his omission to take into account the 
extensive anastomoses in the dog between the internal carotid artery and 
the ophthalmic and middle meningeal arteries. 

The interaction of anoxia and the effect of increased intracranial pressure 
leading to an increased blood pressure response to raised intracranial pres- 
sure Is independent of the presence of the chemoreceptors in the carotid 
sinus and aortic areas. In view of the fact that the excitability of the 
vasomotor center is decreased in anoxia when the buffer nerves are elimi- 
nated but increased when the low oxygen tension acts reflexly on this 
center via the chemoreceptors (Lambert and Gellhorn, 1988 39), our 
experiments must be explained not in terms of an altered excitability of 
the vasomotor center but on a chemical basis. Metabolites resulting from 
an insufhicient oxygen supply must accumulate in the vasomotor center 
during anoxia and interact with those formed during asphyxia. Since 
asphyxia is anoxia plus carbon dioxide retention and since the potentiating 
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ffect of anoxia and carbon dioxide on the vasomotor center is well estab- 
lished (Gellhorn and Lambert, 1939) the increased Cushing reaction during 
anoxia seems adequately explained. 

A potentiation of the blood pressure response to raised intracranial pres- 
sure similar to that observed during anoxia Was also obtained by insulin 
hypoglycemia. The results are so similar that the kymograph records 


could be interchanged without enabling one to determine which record was 


obtained by means of hypoglycemia, and which obtained by means of 


anoxia. This striking parallelism between the effeets of anoxia and 
hypoglycemia adds further evidence in favor of the similarity of the two 
conditions. In view of the evidence for a reduced rate of oxidation in 
hypoglycemia (ef. Gellhorn’s review, 1988) the effeet of hypoglycemia on 
the response to increased intracranial pressure seems to be based on an 
essentially similar interaction of metabolites as was postulated for the 
explanation of the synergism between anoxia and increased intracranial 
pressure. The experiments also prove that hypoglycemia has a direct 


action on the central nervous system independent of the chemoreceptors 


SUMMARY 


1. It has been demonstrated that the intracranial pressure effective in 
the Cushing reaction is a function of the blood pressure-intracranial pres- 
sure difference and does not depend upon the absolute intracranial pres- 
sure. These observations and the fact that increased intracranial pres- 
sure raises the blood pressure in dogs deprived of their buffer nerves in 
which inhalation of nitrogen causes a fall in blood pressure indicate that 
the effeets of intracranial pressure are due to asphyxia of the medulla rather 
than to anoxia. 

2. The inhalation of 7 to 8 per cent oxygen potentiates the blood pres- 
sure response to raised intracranial pressure in the anesthetized dog. The 
effect increases with increased duration of the period of anoxia. “This 
potentiation persists in the absence of the buffer nerves 

3. Hypoglycemia also potentiates the blood pressure response to raised 
intracranial pressure in the anesthetized dog. The effect increases pro- 
gressively with falling blood sugar. It likewise persists in the absence of 
the buffer nerves. 

4. The effect deseribed under 2 is reversible on inhalation of air and 
that described under 3 is reversible on injection of glucose 
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The function of the bladder trigone has been a matter of speculation 
since this structure was first described by Sir Charles Bell. The muscular 
bands forming the trigone are best seen by examining the internal dorsal 
surface of the bladder. Then a triangular area is made out having its 
apex at the urethral orifice, and the angles of the base at the ureteral 
openings. With the urethra opened anteriorly the structure appears 
Y-shaped (fig. A 1). These muscular bands forming the trigone are 
continuations of the muscular coats of the ureters, and end in the region 
of the verumontanum in the male or the external urethral orifice in- the 
female. In man, contrasting to the cat, the area between the arms of the 
Y is filled by interlacing central expansions of these muscular slips. 

Kohlrausch (1854), studying the anatomy of the bladder, concluded 
that the fold of mucosa overlying the trigone was pulled down into the 
urethral opening to close this orifice when the muscles of Bell contracted, 
Quite a different view is held by Young and Wesson (1921), who observed 
during cystoscopy the changes in the form of the vesical orifice. As the 
orifice opened it assumed the shape of an isosceles triangle, with the base 


posterior. Such a shape they believed could only be imposed by contrac- 


tion of the longitudinal muscles of Bell lying in the dorsal angles of the 
widening orifice of the bladder. They suggested, therefore, that these 
muscular slips were responsible for the opening of the vesical orifice 
MacAlpine (1934), on the other hand, pointed out that injury to the 
trigonal muscle leads to no difficulties of micturition, but to defective 
ejaculation in the male. The present paper is an attempt to examine the 
question experimentally. 

Mertruops. ‘Twenty cats were used in these studies. Mach animal was 
observed for a period of from six to fifteen days before removal of the 
trigone. This operation is easily performed. After opening the abdomen 
in the midline, the bladder is pulled up into the wound. An incision is 


' Supported by a grant from the John and Mary R. Markle Foundation 
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made through the muscular wall and mucosa just to one side of the attacl 
ment of the anterior mesenteric ligament, avoiding the anterior vesic 
artery and vein. The incision is carried upward from just above th 
region of the vesical orifice halfway to the vertex. The margins of 1 

wound are then retracted, so that the Y shaped trigonal bands may |) 
seen at the base of the bladder. These are grasped with forceps at tl 

point where they converge to enter the urethra and drawn up into thy 
wound. After making a small incision through the bladder mucosa latera 
to one of the muscular bands, they may be separated from the underlying 
bladder wall by blunt dissection in the loose connective tissue betwee: 
them and the vesical muscle proper. Then the three arms of the Y ar 


quickly cut. “Phe animals usually recover promptly. 


I ig A. The internal dorsal surface of two eats’ bladders opened along the ventral 
midline are shown in the normal specimen (1) the trigonal muscle of Bell may be 
seen converging from the ureteral orifices toward the urethra where they Jom and run 
down the urethra The second photograph (2) shows a bladder ten weeks after re 

moval of Bell’s muscles. The ureteral orifices are now identified as pin point open 
ings at the top of the small protuberances. The severed lower end of the muscles 
is clearly seen in the urethra below 


A number of the cats were placed in cages so constructed that the daily 
frequency of micturition and the amount of urine voided on each occasion 
were recorded kymographically. This was done by collecting the urine 
upon a sloping floor beneath the wire cage. The urine drained into a 
bottle below. A cork float supporting a To shaped arm rested upon the 
fluid and recorded each new addition of urine upon a slowly moving drum 
The amount of urine passed each time could be estimated by the height 
of the sudden rise recorded upon the drum. As a check, the total amount 
of urine passed daily was measured. A careful note of the daily water 
intake was made. The animals each received and regularly consumed a 
half-pound of ground meat each day. The animals were housed in a room 
maintained at a fairly constant temperature. Under such conditions the 
habits of micturition became quite regular. 


Recordings were obtained for six to fifteen days immediately prior to 
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operation, in the early post-operative period, and at intervals up to 210 
days thereafter. In addition records of vesical filling under bulbocapnine 
hypnosis were obtained according to the methods used in this laboratory 
(Kolb and Langworthy, 1938). Roentgenograms were made of the bladder 
filled with an opaque solution before and after removal of the trigone. 
Furthermore, the effect of electrical stimulation of the sympathetic trunks 
was studied. After death the bladder and urethra were removed, the old 
operative wound in the bladder was reopened and carried down the 
anterior median line of the urethra in such a way as to expose the base of 


TABLE 1 


AVERAGE AVERAGE 
DAILY QUANTITY 
FREQUENCY OF PASSED EACH 
URINATION URINATION 


AVERAGE 
PERIOD OF OBSERVATION DAILY FLUID 
INTAKE 


Pre-operative 
3rd to 7th* 
34th to 42nd 


Pre-operative 
3rd to 9th 
58th to 71st 


Pre-operative 
2nd to 12th 
52nd to 60th 


Pre-operative 
3rd to 12th 
34th to 46th 


Pre-operative 
llth to 15th 
49th to 60th 


* Post-operative days. 

the organ for examination. The results of the operation are shown in 
figure A, 2. Blocks were then removed from this region, embedded in 
paraffin, and stained with hemotoxylin and eosin or with iron hemotoxylin- 
Van Gieson. 

Resutts. Effect on micturition. Table 1 shows the period of observa- 
tion, the relation of this period to the operation, the average number of 
times the animal micturated daily during the period, and the average 
amount of urine passed at each act. The average daily consumption of 
water is also given as providing some indication of the stability of the 
experimental conditions and to give a rough check on any unusual changes 


cc, | ce. 
l 30 i.3 39 
60 2.2 17 
} 71 2.0 17 
2 | | 40 1.6 15 
| | 53 2.5 21 
59 2.2 25 
3 56 1.6 35 
| | 60 | 2.0 32 
49 1.4 42 
4 57 53 
52 1.5 10 
58 1.7 38 
5 61 1.0 80 
52 1.5 41 
49 1.5 27 
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in micturition related to metabolism alone. Only the records from five 
cats are shown as in the other cases they were incomplete in one or othe: 
of the post-operative periods. 

The study of the chart seems to indicate the more frequent passage o! 
smaller quantities of urine after operation than before. This was not so 
clearly apparent when comparing the daily pre- and post-operative records 
of individual animals. It appeared rather that previous to the removal o} 
the trigone the cat occasionally retained a large quantity of fluid so that 
the amounts passed were more variable. After operation almost constant 
quantities of urine were passed with each act of micturition. On thi 
whole the records give the impression that no significant change in micturi- 
tion occurs after removal of the trigone. 

This was further confirmed by studying the reaction of the bladder to 
filling with fluid through a catheter under bulbocapnine hypnosis. We 
have shown elsewhere that this drug does not suppress vesical activity as 
do the barbiturates or ether (Kolb and Langworthy, 1938). In each of 
the animals filling with repeated equal increments of fluid took place 
normally, and the cat forcibly expelled the total contents of the organ. 

Roentgenographic study of the bladder base. Cystograms were obtained 
from the cats before and after operation, the bladder being filled with 30 
ce. of sodium iodide, and the catheter then withdrawn. The bladder of 
the cat taken in the lateral view appears as a pear-shaped organ which 
may show a dimple in the region of the vesical orifice. Radio-opaque 
fluid is never seen in the urethra unless the animal is micturating. The 
roentgenographic outlines of the bladders of the operated cats were no 
different than the normals. 

Effect of stimulation of the sympathetic trunks. To determine whether 
removal of the trigonal muscles modified the reaction of the bladder follow- 
ing stimulation of the abdominal sympathetic trunks, these were exposed 
and excited electrically at varying periods after recovery from the opera- 
tion. The changes in intravesical pressure were recorded upon a kymo- 
graph after inserting the catheter through the urethra. Trigonectomy 
fails to change the usual reactions of the bladder following stimulation of 
the abdominal sympathetic chains. The initial quick rise in intravesical 
pressure takes place and the pressure then falls slightly below the original 
level. If a rhythm of vesical waves is established prior to stimulation a 
period of “inhibition”? becomes clearly apparent. 

Effect on sexual activity. Removal of the trigone failed to modify the 
normal pattern of coitus as previously observed in one female. Sperma- 
tozoa were found in the bladder of two males immediately after intercourse 
on removing the urine by drawing the fluid with a needle and syringe 
through the abdominal wall. We have, however, found spermatozoa in 
the bladder of one normal male cat after sexual congress. Both of the 
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trigonectomized males ejaculated effectively; motile sperms were recovered 
from the vagina of the female on several occasions after coitus with one 
of these males. 

Pathological studies. Vhe ureteral orifices the operated bladdet 
(fig. A, 2) appear as two small excrescences perforated at the center. “This 
is due to retraction of the proximal severed ends of the muscles of Bell. 
The distal cut end appears clearly in the upper part of the urethra. On 
microscopic sections, the cristal fold with its central core of smooth muscle 
was not found in the operated bladders in the region where the extirpation 
occurred. A growth of normal transitional epithelium now overlay the 
area. The new layer of submucosal connective tissue did not appear 
unusually thick. That a band of fibrous tissue forming between the two 


severed ends of the muscles could allow these muscles to operate normally 


is unlikely. This cannot be used as an argument to explain the normal 
function of micturition after the operation as the bladder emptied as well 
immediately after operation as later. 

Discussion. The fact that the trigone may be removed without causing 
any defect in the ability of the bladder to expel fluid suggests that this 
structure is not actively concerned in opening the vesical orifice. The 
change in shape of the vesieal orifice is no doubt caused by the diverging 
muscles of Bell, but probably the pull is imposed passively as these bands 
ride upon the contracting detrusor muscle. One cannot draw conclusions 
as to the action of underlying muscular tissue by a study of surface 
structures. 

The studies of Denny-Brown and Robertson (1933) indicate that the 
opening of the vesical orifice is always secondary to contraction of the 
detrusor muscle. Evans (1936) has shown in examining the action poten- 
tials of the branches of the hypogastric plexus with an oscillograph that 
the currents passing to the bladder fundus, the region of the vesical ori- 
fice and urethra are exactly comparable when the bladder is contracting. 
He has interpreted those potentials arising in the bladder neck and urethra 
as “inhibitory”; those to the fundus as “excitatory” though both are 
synchronous and similar. In discussing the action potentials of the 
external sphincter he only spoke of “inhibition”? when the potentials 
disappeared. It would seem more correct to believe that similar potentials 
found in nerves which supply both the bladder and urethra were both con- 
cerned with excitation. 

If this is so one must think of the urethra contracting during the act of 
micturition, a view which is diametrically opposed to that held at present. 
And yet if the bladder is thought of as a muscular balloon with a long 
neck fixed only at its distal end and contracting upon a relatively non 
compressible mass of fluid, this does not seem unlikely. As the muscular 
wall of the balloon contracts the pressure upon the contained fluid first 
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rises. Further contraction of muscle fibres can take place only with short 
ening of the balloon wall. Shortening can occur in the region of the vesica| 
orifice where it may be attained by straightening out the curvatures at 
this point so that the neck of the bladder tends to open from above down 
wards in a funnel shaped manner. The walls of the urethra must contract 
to maintain a constant intra-urethral fluid pressure equal to the intra 
vesical pressure, and so maintain the wedge of fluid now passing through it 
That the urethra actually does open as a funnel from above downwards 
has been shown by Denny-Brown (1936) in roentgenographic studies oi 
the urethra during the act of micturition. The urethra contracts as a 
part of the whole muscular wall which is maintaining tension upon thy 
fluid mass. 

It would appear logical to assume that the bladder and urethra function 
together, and are regulated by a single nerve supply while the ureters and 
trigone have another function and a different innervation. Evans has 
come to much the same view. Langworthy and Murphy (1940) have 
shown from study of preparations stained intravitally with methylene bluc 
that the muscular wall of the bladder receives its supply from the sacral 
parasympathetic nerves while the ureters, Bell’s muscles, and blood vessels 
are innervated by the sympathetic outflow. 

The fact that stimulation of the sympathetic trunks in the animal with- 
out a trigone leads to a preliminary rise of intravesical pressure followed 
by a secondary fall which is as well marked as in the normal cat deserves 
some discussion. Learmouth (1931) stated that in man the preliminary 
rise in pressure was due to contraction of the trigone. It seems doubtful 
from these results in cats that trigonal contraction is alone responsible for 
the changes in vesical pressure occurring on sympathetic stimulation. 
As the sympathetic nerves appear to have endings only upon the muscles 
of Bell and the blood vessels, it is possible that these results are due to 
circulatory changes affecting the muscular wall secondarily. 


SUMMARY 


Removal of the vesical trigone in cats failed to modify the act of micturi- 
tion except that the animals tended to urinate more frequently and passed 
more constant quantities of urine with each act. No.residuum of urine 
remained in the bladder after micturition. According to roentgenographic 
studies urine was still held passively at the internal orifice of the bladder. 
Following sexual congress spermatozoa were found in the bladders of two 
male cats. Stimulation of the abdominal sympathetic chains produced 
their usual effects upon the bladder after trigonectomy. These results 
are discussed in relation to various theories of micturition. 


MICTURITION AFTER REMOVAL OF VESICAL TRIGONE 


REFERENCES 


Betz, C. ‘Trans. Med.-Chir. Soc., Edinburg 3: 171, 1812 

Denny-Brown, D. anp E.G. Ropertson. Brain 56: 149, 1933 

DEeNNY-Brown, D. New England J. Med. 216: 647, 1936. 

Evans, J. P. J. Physiol. 86: 396, 1936. 

KonLrauscn. Zur Anatomie und Physiologie der Beckenorgane. Leipzig, 8S. Hirzel, 
1854 

Kos, L. C. anp O. R. Lanaworrny. J. Pharmacol. and Exper. Therap. 63: 108, 
1938. 


Laneworrny, O. R. L. Murpuy. To be published, 1940 

Learmoutnu, J. R. Brain 64: 147, 1931 

MacA.ping, J. B. Proc. Roy. Soc. Med., Sect. Urol. 28: 1, 1934 

Younc, H. H. anp M. B. Wesson. Arch. Surg. 3:1, 1921. 

Younc, H.H The practice of urology W. B. Saunders Co., vol. 1, chapt. 1, 1926. 


a 


